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FOREWORD
NASA CR-72_87

This report was prepared for the NASA Lewis Research Center,

Cleveland, Ohio, by Rocketdyne, a division of North American

Rockwell Corporation. The study was conducted in accordance

with Contract NAS3-11199; G.O. 09006.

Mr. L. H. Gordon, NASA Lewis Research Center, served as NASA

Technical Project Manager. The Rocketdyne Program Manager

was Mr. T. A. Coultas. Technical approach and guidance of the

program was directed by Mr. S. D. Clapp, who functioned as

Rocketdyne Project Manager.

ABSTKACT

A 13-month applied research program encompassing an analyti-

cal, design, and experimental effort to develop high perform-

ance injectors for space storable propellants was conducted.

The liquid-liquid propellant combination selected for study

was FLOX (80_ F2)/55 _ methane-_5_ ethane LPG blend. The

program was apportioned into three basic technical tasks:

Task I--Injector and Thrust Chamber Design, Task II--Injector

and Thrust Chamber Fabrication, and Task III--Performance

Evaluation Testing. The test matrix covered a range of cham-

ber pressure (50 to 200 psia), mixture ratio (3 to 7), cham-

ber geometry (15 inch_L _60-inch; at both 2 and 4:1 con-

traction ratios), and FLOX compositions (70 to 100_ F2).

Performance in the reference chamber (L * = 30-inch; _ = 2)
c

at nominal design conditions (Pc = 100 psia; MR = theoretical

optimum c _ value = 5.33) was 97 percent of the shifting

equilibrium c * value. Results of the study provide a sound

basis for positive design techniques for application to the

general class of "space-storable" propellants.
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INTRODUCTION

In recent years, the class of propellants known as "space-storable" has

received considerable attention. These propellant combinations, although

loosely defined, are characterized by high specific impulse values, high

bulk density, hypergolic ignition, overlapping liquid ranges of the fuel

and oxidizer, and semi-cryogenic storage temperatures. Typical examples

of such propellants are FLOX or OF 2 as oxidizers with the light hydro-

carbon (LPG) fuels. These propellants are attractive for missions requir-

ing long-term space storage of propellants and high specific impulse.

They may also have application for uprating of existing earth-storable

propellant stages wherein higher specific impulse and comparable bulk

density are important.

In previous technology programs undertaken with these propellants, the

primary objectives were to evaluate their cooling capabilities for space

propulsion applications. Generally, high combustion efficiencies were

not obtained with the FLOX/LPG propellant combinations. Their low per-

formance has been attributed to a variety of reasons including the fact

that peak specific impulse occurs at stoichiometric mixture ratio. This

is a difficult operating point at which to obtain high c* efficiency.

the rather high mixture ratio (o/f)values restricts the types ofAlso,

injector element designs that are applicable for a liquid-liquid propel-

lant system.

High performance (delivered c* efficiency in excess of 95 percent theo-

retical) has been consistently achieved over a broad range of operating

variables with other space-storable propellants. Existing theories and

previous experimental results obtained on numerous programs at Rocketdyne

strongly suggested that high delivered performance with the light hydro-

carbon fuels should not present extraordinary problems. Accordingly, an

analytical, design, and experimental program was conducted to establish

design criteria for a high-performance injector using the FLOX (80-percent

fluorine)/55 percent methane-%5 percent ethane LPG blend. A primary goal



of this program was definition of necessary design principles for the

development of a FLOX/LPG blend injector capable of delivery of 97 per-

cent of theoretical shifting characteristic exhaust velocity efficiency,

at optimum mixture ratio, in a nominal 30-inch L* chamber. An additional

objective of this program was establishment of design criteria which would

allow subsequent extrapolation of the program results to other advanced

space storable propellant combinations and operating conditions.

A 13-month applied research program was performed to accomplish the pro-

gram objectives. The program effort was apportioned into three basic

technical tasks: Task I--Injector and Thrust Chamber Design, Task II--

Injector and Thrust Chamber Fabrication , and Task III--Performance Eval-

uation Testing.

Task I was directed to the specific objective of injector and thrust

chamber design. This task was divided into three subtasks: (I) Task IA--

Parametric Combustion Analysis, (2) Task IB--Injector Design, and

(3) Task IC--Thrust Chamber Design.

Task IA consisted of an analytical combustion performance study to define

injector and thrust chamber design requirements. The basic objective of

this study was to determine the effect of propellant atomization and dis-

tribution on attainable performance for FLOX/LPG. Theoretical performance

calculations were made utilizing a computer program based on a Rocketdyne-

developed, one-dimensional, steady-state combustion model for vaporization

rate-limited propellant systems. This model has been extensively used at

Rocketdyne for several years. Experience has been gained from the appli-

cation of the model %0 the calculaiion of c W efficiencies which have com-

pared favorable to experimentally measured values. This analytical study

permitted compu£ations of c _ efficiency as a function of propellant drop-

size (aiomization), chamber pressure, mixture raiio, and chamber geometry

(L W and contraction ratio). The analytical study also included computation

of the effect of local mixing on performance by employment of a stream tube

analysis technique wherein the chamber cross section is divided into discrete
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"tubes" of differing mixture ratio and percent mass. Overall performance

was defined as a function of departure from ideal distribution by inte-

grating %he c_ levels obtained, assuming no mixing between %he "stream

tubes." These. results served as a guide in defining %he degree of local

mixing which must be produced by %he injector.

Task IB was directed toward %he design of injectors for the specific

FLOX/LPG blend propellant combination. Two injector types (unlike and

like impinging stream designs) were designed. These injector designs

were based on existing theories, previous experimental results, and %he

design principles derived from the Task IA effort.

Task IC consisted of design of a thrust chamber assembly to be used dur-

ing the experimental portion of the program. Currently available design

technology was utilized for the design of an uncooled calorimeter chamber

and nozzle assembly. The chamber geometry was specified on %he basis of

the results obtained fro_ the analytical combustion performance study

(Task 1A).

The Task III performance evaluation test effort included cold-flow aad

hot-firing experiments using two _-on-1 and three like-on-like doublet

injector designs. The nominal experimental and _hrust chamber design

conditions were as follows:

1. Chamber Pressure, psia

2. Oxidizer

5. Mixture Ratio, o/f

q. Thrust Level (sea level),pounds

5. Chamber Contraction Area Ratio

6. Chamber L _, inches

100

80-20_ F2-O 2

5.33 (maximum theoretical c _)

5000

2:1

5o

5



These nominal conditions were varied over the following ranges:

Chamber Pressure, psia

Oxidizer

Mixture Ratio

Thrust Level, pounds

Chamber Contraction Area Ratio

Chamber L*, inches

50 to 200 psia

70 to lOO%F2

3 to 7

150o to 5000

2 to 4:1

15 to 60

Experimental results were correlated in terms of mixing and vaporization

effects on performance.
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SUMMARY

This report presents the results of an analytical and experimental pro-

gram to develop high-performance injectors for space storable FLOX/LPG

propellants. The FLOX(80-percent fluorine)/LPG (55-percent methane/hS-
percent ethane) propellant system was selected for study. The primary

objectives were to define those design principles for application to injec-
tors capable of 97-percent shifting equilibrium c* performance in a 30-

inch L _ chamber (at optimum mixture ratio) for at least two different

injecto_ types. An equally important goal of this study was the general-

ization of these design criteria for subsequent extrapolation to other

space storable propellants and operating conditions. The basic premise

on which this objective was based was the fundamental argument that only

the effects of propellant atomization and distribution would determine

the ultimate c* efficiency of most contemporary space storable propel-

lants. Further, it was postulated that the effects of property differ-

ences from propellant to propellant could be resolved strictly on an

analytical basis.

The initial phase of this program was directed entirely to analytical

modeling studies to determine parametric effects of propellant atomiza-

tion and distribution. A Rocketdyne-developed combustion model computer

program was used to analytically determine the contribution of propellant

vaporization to overall delivered c* efficiency. The effects of propel-

lant dropsize and chamber geometry were fully analyzed as were the second-

ary effects of chamber pressure and mixture ratio. In addition to these

variables, only the chemical-physical and equilibrium gas properties of

the propellant system were required for this comprehensive analysis.

Because basic propellant properties and thermodynamic data are readily

available, the combustion model can be universally applied to Similar

chemical propellant systems. The effects of propellant distribution

were also evaluated on an analytical basis using simplified stream tube

analysis techniques and the specific equilibrium thermodynamics of the

FLOX/LPG bipropellants. The results of this study permitted definition

of the required atomization and distribution characteristics of the two

candidate injector types which were studied in this program.



A like-doublet injector and a _-on-1 (pentad) injector were selected for

design and evaluation. The size, number, and orientation of the injector

elements were based on the preceeding analytical study which defined the

required degree of propellant atomization and distribution. _tomization

correlations developed by Ingebo at NASA together with previous support-

ing experiments conducted at Rocketdyne were used to define the specific

element geometry for efficient propellant atomization. Propellant distri-

bution criteria of Rupe at JPL together with supporting cold-flow studies

were used to define element characteristics and orientation for efficient

propellant distribution. Finally, the two basic injector types were

geometrically perturbed to provide experimental evaluation and confirma-

tion of propellant atomization and distribution effects originally de-

fined by model analysis.

During the experimental phase, 125 hot-fire experiments and 23 support-

ing cold-flow tests were conducted to fully characterize the two candidate

injectors. The initial test phase was directed at a study of propellant

atomization and distribution by making programmed variations in injector

element geometry characteristics and by variations in element orientation.

In addition, perturbations in chamber pressure and mixture ratio were

also undertaken to assess their effect on the spray characteristics and

the resultant c* efficiency. Selected cold-flow tests with inert propel-

lant simulants were conducted to support analysis of propellant distribu-

tion effects on injector performance at both design and off-design condi-

tions. The hot-fire experiments to define spray characteristic effects

on performance were augmented by supporting heat transfer and stability

assessment to aid in selection of the injector type considered best suited

for further study with the FLOX/LPG. The results of this first phase hot-

fire study indicated that both the like-doublet and _-on-1 injector could

be designed for equal performance capabilities. The supporting heat trans-

fer and stability analysis, however, indicated that the like-doublet injector

was inherently much superior to the _-on-1 injector because of its capability

for a controlled lower chamber heat flux load and inherent stability even

under off-design conditions.
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Although performance capability was essentially identical for both injec-

tor types, significant differences in both heat transfer and stability

characteristics favored selection of the like-impinging-doublet injector

for further experimental study. Performance in the reference chamber (L* =

30 inches; _ = 2) at nominal design conditions (Pc = 100 psia; MR = 5.33)c

was approximately 97 percent of the shifting equilibrium c* value for both

injector types. Subsequent terminal studies were conducted with an opti-

mized like-doublet injector to further assess effects of chamber L* and

contraction ratio. Experimental perturbation of chamber geometry fully

confirmed expectations developed from the earlier combustion model studies

with respect to chamber geometry, chamber pressure, and mixture ratio effects

on resultant performance. Concluding experiments with fluorine concentration

changes in the FLOX oxidizer also fully confirmed the preceding analytical

studies.

The results of this applied research program clearly indicated that high

performing injectors could be developed for FLOX/LPG propellants. Injector

design criteria for high performance, compatible heat transfer, and inher-

ent stability for a lO0-psia pressure fed propulsion system were developed.

More importantly, however, these studies provided a basis for positive

design techniques for application to other contemporary space storable

propellant systems and to other operating requirements.
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PARAMETRIC C0bIBUSTIONANALYSIS

Rational design of rocket engine components using fundmaental _ngineering

principles requires a basic understanding of combustion and its relation-

ship to the physical processes which control it. For most liquid bipro-

pellant systems, of which FLOX/LPG is typical, c* efficiency is affected

by both propellant vaporization and mixing. These two processes can be

considered independently (Ref. 1) in their effects on efficiency. A close

approximation of overall efficiency can be obtained from

]7c . = }7c. va p X }_c*, dist
(1)

where

c*, yap

_c*, dist

= the overall c* efficiency

= the c* efficiency which would be obtained if propellant

mixing were completely uniform, and the only losses were

caused by incomplete propellant vaporization

= the c* efficiency which would be obtained if propellant

vaporization were entirely complete, and the only losses

were caused by nonuniform propellant mixing

Analysis of the parameters which affect c* efficiency is therefore logically

divided into considerations of Uc*,vap and Uc*,dist"

PROPELLANT VAPORIZAT ION

The effects of incomplete propellant vaporization on c* efficiency can be

quantitatively studied by means of an analytical propellant combustion

model developed at Rocketdyne several years ago by Iambiris, Combs, and

Levine (Ref. 2). This combustion model exists in the form of a Fortran IV

Computer Program written for the IBM-360 computer. To determine the degree

of propellant vaporization, the combUstion model takes into consideration:

1. Compressible combustion gas flow with mass and energy addition



2. Droplet drag in the accelerating combustion gas flow

3. Droplet vaporization with convective heat transfer from

the hot combustion gas

These factors result in an analytical description of the "bootstrap" com-

bustion processes typical of rocket engines. The model calculates axial

profiles of chamberpressure, combustion gas velocity, vaporization from

a range of droplet sizes corresponding to the droplet size distribution

produced by the injector, droplet velocities, and the overall percentage

of fuel and oxidizer vaporized.

The combustion model takes into account the compressible flow of combus-

tion gases by the normal gas-dynamic equations; taking into account the

effects of mass and energy addition from the vaporizing and reacting

propellants.

Droplet drag, for the distribution of droplet sizes produced by the

injector, is accounted for by the scaler equation shown below:

whe re

VD
t

CD

Pg

PL

V
g

D

dVD_ 3 x cD (v- VD)2 (2)
dt 4 PL D

= droplet velocity, ft/sec

= time, seconds

= drag coefficient (a function of droplet Reynolds number)

= combustion gas density, lb/ft 3

= droplet liquid density, lb/ft 3

= combustion gas velocity, lb/ft 3

droplet diameter, feet
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Droplet vaporization is accounted for by an equation similar to:

1_$ x 8)kg in 1 +_-_- (Tg-Tv) 1 + 0.6 Pr 1/5 Re 1/
k t _ Pv

dt = PL Cpv v (3)

whe re

k t

D

pL
C

Pv

ZXH
v

T
g

T L

Pr

Re

= droplet vaporization constant, in.2/sec-

= droplet diameter

= combustion gas thermal conductivity

= liquid density

= vaporized propellant heat capacity

= liquid propellant heat of vaporization

= combustion gas temperature

= liquid propellant boiling temperature

= Prandtl Number for the combustion gas

= combustion gas density

= Reynolds Number for combustion gas

For computer solution of Eq. 3, the application is more complex. The

simplified expression presented above shows the effects of the various

physical parameters on droplet vaporization rate. The last bracketed

term on the right-hand side of Eq. 3 represents the effects of forced

convection on droplet vaporization, and the remainder of the terms rep-

resent the effects of propellant physical properties and combustion gas

properties on droplet vaporization rate.

Incomplete propellant vaporization degrades c* performance in two ways:

(1) incomplete vaporization reduces the total amount of combustion gas

produced, and (2) if fuel and oxidizer do not vaporize at the same rate,

11



this can makethe burned gas mixture ratio different from the injected

liquid mixture ratio, thereby affecting the temperature, molecular weight,
eZc. of the burned gas. Both of these effects have been included by Priem

(Ref. 3) in the following equation which allows the determination of Uc*,vap

from parameters calculated by the combustion model computer program:

Uc*,vap = \c* I/

where

CB

c%

c* I

= flowrate of burned gas at the geometric throat

= injection flowrate of fuel plus oxidizer

= theoretical c* corresponding to the composition of the

burned gas at the geometric throat

= theoretical c* corresponding to the injection mixture ratio

of liquid fuel and oxidizer

This computerized combustion model, the general nature of which is

described in very brief form by Eq. 1 through _, has been used to para-

metrically investigate the effects of design and operating variables on

Uc. va p for the FLOX/LPG propellant combination.

The two most important variables affecting Uc*_vap are propellant drop-

size and combustion chamber geometry. From Eq. 3, it is seen that the

residence time required to completely vaporize a droplet is proportional

to the square of the droplet diameter. Equally important, the geometry

of the combustion chamber dictates the total residence time during which

the droplets must vaporize. If this residence time is too short, the

droplets will not be completely vaporized.

12



The effect of propellant dropsize and chamber geometry on characteristic

velocity efficiency due to vaporization, Uc_,vap, is shown parametrically

in Fig. 1. Curves of _c_,vap versus dropsize are shown for convention-

ally shaped thrust chambers (see Fig. 2) having characteristic lengths

of 15, 3o, a_d 6O inches. The solid lines (Ac/At = 2) _d dashed lines

(Ac/At = _) define the effect of contraction ratio at any given L* value.

Figure 1 will show that when propellant dropsize is small, the effects

of chamber geometry are generally attenuated. Conversely, when initial

propellant dropsizes are large, chamber geometry effects become pro-

nounced and c _ efficiency becomes much more sensitive to specific geo-

metric features such as chamber length and contraction ratio. For a

given initial dropsize and chamber L _, increase in vaporization effici-

ency can be effected by reduction of the contraction area ratio (increase

of physical length). As an example, with a volume mean dropsize of

70 microns, Uc_ va p of 98 percent can be attained with the 50-inch L_

chamber having the 2-to-1 contraction area ratio. Use of a _-to-1 con-

traction area ratio chamber at the same L_would have resulted in a 1-

percent efficiency decrement. With larger initial propellant dropsizes,

progressively longer L_ chambers would be required to maintain the same

level of efficiency.

Equation 5 is an implicit expression showing that propellant vaporization

efficiency is governed by droplet acceleration and heatingby the high-

temperature combustion gas. For thrust chambers having contraction area

ratios greater than about 2, combustion gas flow can be considered incom-

pressible, therefore chamber LW is a good index of combustion gas resi-

dence time. From continuity, combustion gas velocity for the 2-to-I

chamber will always be higher than that for the _-to-I chamber. Higher

combustion gas velocities will generally be accompanied by an increased

velocity lag between combustion gas and propellant droplets. The

increased velocity lag between combustion gas and droplet for the smaller

15



contraction area ratio chambers will tend to result in longer residence

time for the droplets. The higher relative velocity between the combus-

tion gas and propellant droplets will also tend to enhance convective

heating and resultant droplet vaporization.

The effect of chamber pressure on c W efficiency due to vaporization is

shown in Fig. 5 • The curves are for a common mixture ratio (MR = 5.33)

and chamber characteristic length, L W, of 50 inches. Curves of UcW, vap

versus dropsize are shown for chamber pressures of 50, I00, and 200 psia.

The solid lines (Ac/A t = 2) and dashed lines (Ac/A t = _) define the

effect of contraction ratio at the three chamber pressure values. The

effect of chamber pressure on UcW va p is attenuated when propellant

dropsize is small, while both pressure and geometry effects become more

pronounced with larger dropsizes.

As shown in Fig. _, chamber pressure primarily affects the combustion

gas density with only secondary effects on combustion temperature.

Increased combustion gas density (Eq. 5) results in an increase in con-

vective heating of the droplets, but also tends to accelerate the drop-

lets because of a corresponding increase in drag force on the droplets.

The net effect, however, is toward improved vaporization efficiency,

particularly when dropsizes are initially large and lag effects become

more pronounced.

The effect of mixture ratio on c _ efficiency (due to vaporization) is

sho_n in Fig. 5 in which _c_,va p is shown as a function of dropsize

for various mixture ratios. The curves are for a chamber pressure of

I00 psia and constant thrust chamber geometry (L _ = 50 inches, Ac/A t = 2).

The effect of mixture ratio is small when initial dropslze is small,

and conversely, becomes more pronounced when initial dropsizes are large.

The effect of mixture ratio is not monatomic and a specific optimum mix-

ture ratio less than that corresponding to the theoretical optimum of

5.55 is indicated for maximum vaporization efficiency (shown in supple-

mentary Fig. 6).



A reduced optimum mixture ratio can occur when initial dropsize for fuel

and oxidizer are identical. For FLOX/LPG, fuel vaporization is the rate-

limiting process and therefore the reactants will combine at a higher

than injected mixture ratio in the gas phase.

An explanation of mixture ratio effects can be aided by reference to

Fig. 7 in which _c*,vap is shown as a function of mixture ratio for

a nominal dropsize of 100 microns. The contributing product terms defined

in the Priem model:

=

are shown as dashed curves. The percent burned is the ratio of total pro-

pellant vaporized and reacted to that initially injected. The c* ratio

is a coefficient defining the ratio of the theoretical c* at the reacted

condition to that corresponding to the initial injection mixture ratio.

Other Variables

The effect of other potentially significant variables were examined to

assess their effect on vaporization efficiency for FLOX/LPG. Specific

areas investigated included the effect of initial droplet injection veloc-

ity) initial vaporization conditions, and specific input variables in the

combustion model itself.

The initial droplet injection velocity was perturbed by a factor of 3 to

determine its effect on the resultant propellant vaporization when all

other factors (including drOpsize) are held constant. Generally, propel-

lant vaporization is increased at lower initial injection velocities.

This results from a longer residence time and in an increased convective

heat transfer rate as the drops are gradually accelerated by the combus-

tion gases. Although lower initial droplet velocity generally gives
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increased vaporization c* efficiency, low initial droplet velocity and

efficient atomization are contradictory in nature. High propellant

injection velocities are required for efficient atomization and this

effect will usually far outweigh the potential benefits of reduced initial

droplet velocity.

An assumption made in the one-dimensional combustion model program input

is the amount of combustion which occurs within the initial injection

region. This is required to arrive at a nearly one-dimensional region,

and eliminate calculations in the grossly nonuniform injection region

(Ref. 4 ). It is usually assumed that i0 percent of the propellants have

vaporized and reacted within 1 inch of the injector face. This initial

condition has proven adequate and permits good correlation with observed

experimental results. To assess the effect of variations in this assump-

tion, 5, i0, and 20 percent of the propellants consumed were analytically

considered and found %0 have an insignificant influence on performance.

Performance variation due to assumption of 5 or 20 percent initial propel-

lants vaporized instead of i0 percent was < ±0.5 percent in the range of

dropsize (Dso _ 150 ) and L* (15 inch SL* $60 inch) considered. Effects

of injection velocity and percent of propellants initially reacted were

only significant when the propellant dropsize is large or when geometric

restrictions favored lower performance.

Other parameters investigated were the effect of dropsize distribution,

physical properties variation with temperature and pressure, inclusion

or exclusion of propellant sensible heat capacity and variations of gas

and film properties. Again, these variables were of secondary importance

and significant only when conditions favored a generally reduced vapori-

zation efficiency (i.e., larger initial dropsize and small chamber L*

geometry). This analysis disclosed that chamber geometry and initial

propellant dropsize were of primary importance, and that other variables

were of secondary significance.
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MIXING EFFICIENCY

The effect of nonuniform mass and mixture ratio distribution is considered

to be of importance equal to the vaporization process. Regardless of

injector type, uniform mixing is a prerequisite for high combustion

efficiency. In the absence of uniform mass and mixture ratio distribution,

local striated regions of fuel and oxidizer rich will persist throughout

the rocket chamber. Because of the short axial dimensions associated

with rocket chambers, turbulent mixing and diffusion are relatively inef-

fective in equilibration of propellant concentration (Ref.4-8). Conse-

quently, the c* potential will be largely dependent on the initial dis-

tribution of fuel and oxidizer at the injector end of the chamber. Hence,

if by cold-flow techniques the mass and mixture ratio can be determined

for local regions within the chamber, the mixing efficiency can be deter-

mined by applying simple mass weighted summation techniques.

For this study, the analysis was based on a simplified stream tube model

in combination with cold-flow experiments to determine distribution of

propellants. The general features of the mixing model permit analytical

consideration of an idealized rocket engine composed of N imaginary rocket

chambers forming individual, isolated, stream tubes within the main cham-

ber. Each stream tube at its own mass and mixture ratio is allowed %o

expand isentropically through the chamber and nozzle without heat or mass

transfer %o adjacent stream tubes. The c* efficiency due to mixing

( U cW,dist) is determined by summation of individual mass weighted c* con-

%ributions of each individual stream tube and comparing the total %o that

theoretically attainable at the injected mixture ratio.

Correction factors for changes in specific heat ratio as a function of

mixture ratio may be applied. However, if the effect of Y variation on

the sonic point for each individual station can be neglected, the mixing

c* efficiency can be expressed simply as

n

MF.c*.
• 1 1

= i (5)
;7c*,dist C%heo
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where

MF.
1

C*.
I

= the mass fraction in the individual stream being considered

= theoretical c* corresponding to the mixture ratio of the

local stream

C*theo = theoretical c* corresponding to the overall mixture ratio

The mixing quality can be expressed by an index, Em, which defines the

mass weighted deviation of local mixture ratio from initially injected

overall mixture ratio. The index, Em, was developed by Rupe (Ref. 9 )

and is shown below.

I N (R- ri) N (R- _i)Em = - _ MF + _ MF.
i i R i i R- I

lOO (6)

whe re

E
m

MF.
1

R

= mixing index

= mass fraction in the stream tube

= ratio of total oxidizer mass to total oxidizer and fuel mass

ro

1

1

= ratio of oxidizer mass %o total oxidizer and fuel mass in

an individual stream tube for r.< R
1

= ratio of oxidizer mass to total oxidizer and fuel mass in

an individual stream tube for r. > R
I

The foregoing expression for the distribution index is not universal

because it is also functionally related to the injected mixture ratio.

The c* efficiency due to propellant distribution, Uc. dis_,is a function

of both the distribution index, Em, and %he initially injected mixture

ratio. The actual relationship between Em, MR, and the resultant mix-

ing c* efficiency is shown in Fig. 8 , in which the mixing c* efficiency,

UcW, dist_ is shown as a function of Em for various values of mixture ratio
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for the FLOX/LPG propellants considered for this study. It should be

noted that the basis of constant mixture ratio would be more correctly

expressed as bands because even at a constant mixture ratio, _ c*,d_t' is

not uniquely related to the E index. Analysis and verification experi-m

ments indicate, however, that the band width is normally narrow for most

injector-produced spray distributions and the actual error introduced

by use of single curves is negligible. The curves illustrated in the

referenced figure can be used directly to assess the mixing c* efficiency

of a given injector for which Em is known. In practice, however, it is

often easier to derive an expression for Uc.,dis t directly from cold-flow

experimental data by utilization of the basic _c. disteXpression

of Eq. 5. The more universal expression is, however, much more valuable

in that it permits a more generalized approach to performance analysis

because it permits Uc*,dist determination for any injector in which the

same propellants are used. In practical use, the figure permits specific

determination of the required injector distribution index E for a given
m

target level of mixing efficiency, Uc*,d_t' at any desired operating mix-

ture ratio.

In summary, the combustion model analysis disclosed quite clearly that

propellant dropsize and chamber geometry were the two most sensitive and

important variables affecting propellant vaporization. Chamber pressure

was found to have a secondary affect and only becomes important when pro-

pellant dropsize or chamber geometry favor reduced vaporization efficiency.

Mixture ratio effects were found, also, to be of secondary importance;

however, analysis indicated that optimum propellant vaporization would

normally occur at slightly less than the nominal optimum mixture ratio.

Other input parameters were found to be of minor consequence. The most

singularly important finding was that propellant dropsizes of 75 microns

or less would be required to attain sufficient vaporization for 97 percent

c* efficiency in the nominal 30 inch L* thrust chamber. Analysis of pro-

pellant mixing effects indicated that uniform mixture ratio distribution
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was essen%ial for high c_ efficiency. Fur%her, i% was shown tha% %he effec%

of propellan% dis%ribu%ion on cW efficiency due %0 mixing was sensi%ive %o

%he operating mix%ure ra%io of %he injector. For FLOX/LPG a% %he nominal

op%imum mix%ure ra%io of 5.55, i% was found %ha% a mixing uniformi%y index

of a% leas% 90 would be required for even%ual a%tainmen% of 97 percen%

cW efficiency.
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EXPERIMENTALHARDWARE

INJECTORS

The primary objective of this program was to define injector design cri-

teria for high-performance FLOX/LPG injectors. Applicable injector design

principles and the basis for selection of the chosen injector types are

presented herein in addition to specific injector design details. Two

injector types, like and unlike impinging stream, were considered.

Like Impinging Stream Injectors

A review of previous programs in which like impinging stream injector

patterns were employed indicated that a like-doublet pattern can be pre-

dictably optimized to produce high performance (ReL 10 andI V. In addi-

tion to attaining efficient combustion through proper injector design,

this pattern is quite adaptable to design variations which can affect

thrust chamber compatibility concerning heat fluxes and/or thermochemical

reactions. Like doublet injectors (of relatively simple design) which

result in high-performance efficiencies, are durable, and exhibit desirable

chamber compatibility characteristics, have been developed at Rocketdyne

for a number of fluorinated oxidizers and various fuels (Refo 10 and 11).

These results provided confidence of successful use of the like-doublet

pattern for attainment of the program goals. Design details of the like-

doublet injectors used are noted in Fig. 9 and Table 1o Table 1 sum-

marizes injector specifications for all of the injectors° Figure 9

illustrates a typical pattern for the like-doublet injectors. The speci-

fic like-doublet injector designs are discussed below.

Injector LD-1. Previous experience with other propellant combinations

(FLOX/MMH, FLOX/B2H6, CIFh/N2H4, and FLOX/butene-l) indicated that the per-

formance objectives of this program could be approached with parallel fan
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orientation (i.e., a= O; Fig. i0) optimized in terms of fan spacing only

(Ref._ and ii). A fan spacing of zero was employed for this injector.

In addition to having parallel fan orientation, an intra-element spacing

(Y), see Fig. i0, of 0.200 inch was employed. This intra-element spacing

was similar to previous designs that had been successfully employed dur-

ing the above referenced programs. The outer ring of elements (element =

pair of oxidizer and fuel doublets) was canted 15 degrees toward the

axial centerline of the injector. Resultant propellant direction for

the other elements is parallel to the chamber axis.

As noted previously, small mean drop sizes (in addition to uniform mixing)

are required to obtain high performance from the FLOX (80-percent F2,)/

55 percent CH 4 - 45 percent C2H 6 LPG blend propellant combination. To

obtain the smallest possible propellant mean drop size (D30), minimum

orifice diameters and maximum injector nP's (consistent with system

requirements) were employed. Selection of the number of elements was

based on considerations of injector design complexity, required orifice

diameter size for propellan_ atomization, and injector AP's.

A minimum practical orifice size (df = 0.020 inch), consistent with pres-

ent injector fabrication techniques and capabilities and an arbitrarily

selected fuel injector AP of I00 psi, at optimum mixture ratio, was

selected. The oxidizer orifice diameter (0.0292 inch) results in equal

injection velocities for the fuel and oxidizer at the design (5.33) mix-

ture ratio. Selection of this orifice size was somewhat arbitrary.

Using these orifice sizes and pressure drop, a typical like-doublet

injector design contained a total of 112 elements (112 oxidizer and 112

fuel doublets) arranged in six rings. Element placement on the face of:

the injector was such that propellant mass distribution is essentially

uniform in terms of geometric arrangement. Propellant manifolding

(feeders) for an injector with significantly more elements than used

would present complications in design and fabrication.
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Further details of this injector design were:

1. The propellant impingement point was 0.110 inch from the

injector face and the impingement angle between opposing

streams was 60 degrees, for both Oxidizer and fuel elements.

2. Oxidizer/fuel manifold and feeder velocities were less than

10 ft/sec.

3. Oxidizer orifice L/D's are between 8 and 10. Fuel orifice

L/D's are 8. Free-stream L/D's for both oxidizer and fuel

were between _ and 7.

The impingement point and angle were selected to provide freedom from

injector face burning and efficient atomization. Feeder velocities less

than 10 ft/sec, orifice L/D's between 5 and 10, and free-stream jet L/D's

less than 10 were selected to provide well defined stable jets. The design

values chosen are similar to those successfully employed on previous injec-

tor technology programs at Rocketdyne (Ref. 1, 10, and 11).

All injectors were made of nickel 270 because of its high thermal conduc-

tivity and compatibility with the propellants. A modification of this

injector, injector LD-1-M, was also designed. Injector LD-1-M is injec-

tor LD-1 with the oxidizer orifice diameter enlarged to 0.0360 inch.

This orifice size results in nearly equal fuel and oxidizer injector pres-

sure drop (_100 psi) at optimum mixture ratio. A photograph of this injec-

tors face, taken after experimental evaluation of the injector, is shown

in Fig. 11.

Injector LD-2. This injector differs from LD-i in that its fan spacing

is 0.275 inch instead of zero. Other design parameters for the two in-

jectors were identical. The fan spacing was increased to 0.275 inch by

moving the location of the oxidizer doublets 0.275 inch closer to the

center of the injector (on the same radii). This variation was made to

experimentally define propellant distribution effects on performance for

the FLOX/LPG propellant combination.
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injector LD- 3. Design of this injector was based on results of cold-flow

experiments conducted with "model injectors" to define effects of lateral

and angular variations in relative fan orientation between fuel and oxi-

dizer doublets on propellant mixing. Details of the model injectors tested,

test conditions, and results of the experiments are presented in the follow-

ing paragraphs.

Model-injectors with elements, and relative element arrangement, typical

of those used in the full-scale injectors were employed. The effects of

fan inclination angle and intra-element spacing (Fig. 10) on propellant

mixing were defined for the subject injector pattern. Oxidizer and fuel

simulants, cold-flow procedures, and methods of data analysis were similar

to those for the full-scale injectors (Appendix D).

Results from a recently completed (company funded) experimental study to

define like-doublet injector design criteria, for optimization of propel-

lant mixing, were used as a guide in selection of the experiments to be

conducted and/or design of the model injectors to be evaluated during

this program. During the company-funded program, the effects of both

lateral and angular element orientation on propellant mixing were defined

for paired fuel and oxidizer doublet elements in a statistically designed

experiment. These cold-flow tests were carried out with a single element

(one fuel and one oxidizer doublet) self-impinging injector. The geomet-

rical variables studied, and the range of each variable, were: (1) fan

spacing, S, with 0 <, $ K 0.10 inch, in increments of 0.020 inch, (2)

intra-element spacing, Y, with 0.125 inch <Y _0.750 inch, in increments

of 0.125 inch, and (3) fan inclination angle, a , with 0 degree < _ <40

degrees in increments of l0 degrees. The fan impingement angle was zero.

All experiments were conducted at the same mixture ratio and with injec-

tion AP's between 100 and 150 psi. Fuel and oxidizer orifice sizes were

0.0200 and 0.0250 inch, respectively. For the element size and flow con-

ditions considered, which are similar to those for this program, an opti-

mized configuration appears to exist at S = 0, Y = 0.125 inch, and a_25

degrees.
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Twomodel multielement cold-flow injectors were designed to further define

the effect of intra-element spacing (i.e., circumferential spacing between

paired adjacent oxidizer and fuel doublets) and fan inclination angle on

propellant mixing for the like doublet injector pattern. These model injec-

tors are different than those tested in the above referenced study in that

they contain more than a single element (a pair of fuel and oxidizer doub-

lets). Each model injector contained 20 elements arranged in a ring. The

basic diameter of the ring of elements was 5.1 inches. Spacing between

elements is typical (_0.75 inch) of the like-doublet injectors employed

during this program. Each quadrant of both model injectors contains five

identical elements and was designed so that each quadrant could be cold-

flowed separately. In each quadrant, the spacing between oxidizer and

fuel doublets in an element (oxidizer doublet plus fuel doublet) was varied

while the distance between adjacent similar elements has been kept constant.

These injectors were designed to closly represent the propellant mixing

conditions associated with the actual hot-fire injectors. The experiments

conducted permitted evaluation of interaction effects between adjacent

elements and, thereby, more nearly simulate the actual mixing situation

for the hot-fire injectors being employed. The injector design variables

studied, and their range are listed in Table II.

Tests were conducted to define the effect of fan inclination angle and

intra-element spacing on propellant mixing. Inclination angles of O, 10,

25, and 40 degrees were employed in conjunction with an intra-element

spacing of 0.20 inch to define the effects of fan inclination angle on

mixing. To determine the effect of intra-element spacing on propellant

mixing, tests were conducted with element spacings of 0.2, 0.3, and 0.4

inch at fan inclination angles of both 0 and 25 degrees. Selection of

the variables studied, and their respective range, were based on the

results of previously mentioned studies and results presented in Ref. 1.

A typical element from one of the model injectors is shown in Fig. 12.

A schematic representation of a typical five-element model injector is

presented in Fig. 13.

25



All of the tests were conducted at the same simulated mixture ratio and

injector _P's. Conditions simulated were those for elements operating

at the design operating conditions in the full-scale like-doublet injec-

tors (i.e., simulated mixture ratio = 5.33 and thrust per element _30 lbf).

The test variables were the injector design parameters (fan inclination

angle and intra-element spacing).

Results from the experiments conducted with the model injectors are pre-

sented in Fig. 14 and 15. In Fig. 1_, E is plotted as a function of fan
m

inclination angle for an element spacing of 0.2 inch. Optimum mixing was

obtained with a fan inclination angle of 25 degrees, as was the case for

the single element. As would be expected, the five-element model injector

resulted in substantially better mixing than was obtained with the single

elements. In Fig. 15, E is plotted as a function of element spacing for
m

fan inclination angles of 0 and 25 degrees. E increases with decreasing
m

spacing for the 0-degree inclination angie. When an inclination angle of

25 degrees was employed, optimum mixing appears to occur at a spacing of

0.30 inch. An inclination angle of 25 degrees results in considerably

(_ to 10 percent) higher values of E than a 0-degree inclination angle
m °

It is felt that the 0.20-inch spacing data point (at the 25-degree cant

angle) is unreasonably low. However, results from both this study, and

the company-funded effort discussed previously, indicate that there is

little advantage in decreasing the element spacing below 0.25 inch.

Results from these experiments were used to design the optimized like-

doublet injector (LD-3). An element spacing of 0.25 inch was selected

for this injector. Improved mixing and resultant performance over the

other like-doublet injectors, was attained primarily by inclination of

the fuel and oxidizer fans into each other. A fan inclination angle of

25 degrees was employed. Previous injectors had fan inclination angles

of zero and intra-element spacings of 0.200 inch. Fan spacing was zero.

Fuel and oxidizer orifice diameters were 0.020 and 0.036 inch, respectively.

Improved propellant mixing over that for the two preceding like-doublet

injectors was attained.

The model injector cold-flow data are summarized in Table III.
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Unlike Impinging Stream Injectors

The unlike impinging stream injector pattern selected for study was a

_-on-I quintuplet (pentad) with fuel injected through the center orifice.

Selection of this pattern was based upon: (I) the favorable orifice

diameter and/or injector pressure drop ratios required for optimum mixing

at the optimum (design) mixture ratio, and (2) its successful use with

chemicallysimilar(FL0X/ -I)erope11 ts

A review of design requirements for optimum mixing (mass and mixture ratio

distribution) with candidate (1-on-l, 2-on-l, and _-on-l) unlike impinging

stream patterns reveals that, of the unlike impinging stream patterns

considered, the _-on-I quintuplet with fuel injected through the center

orifice appears to be most satisfactory. This is primarily because of

the pressure drop and diameter ratios (_ 1.5 and 0.85, respectively)

required for optimum mixing at the design (5.55) mixture ratio.

The "design equations" from Ref. 15 were used as design inputs and are

presented below:

For a 1-on-1 (or 2-on-2) element:

(7)

For a 2-on-I element:

d2

dI
(s)
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For a a-on-I element:

dz- 3"06\w / \P2/ (9)

where:

d = orifice diameter

P = propellant density

= propellant flowrate (total)

Subscripts:

1 = outer orifices

2 = center orifice

For all patterns, the included impingement angle is 60 degrees. These

equations were used to calculate the orifice diameter ratio required at

the optimum mixture ratio (5.55). The oxidizer-to-fuel pressure drop

ratios for these patterns were computed using the continuity equation

in conjunction with Eq. 7 through 9. The resulting equations for the

injector pressure drop ratios are:

1-on-1 (or 2-on-2) element:

ap e (lO)

2-on-1 element:
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_-on-1 element:

whe re :

AP = injector pressure drop

A summary of the orifice diameter, injector pressure drop, and momentum

ratios for the various patterns is presented on the page following. As

noted in this table, injection of either propellan_ in the "center" orifice

was considered. An inspection of this table indicates that, of the unlike

impinging stream patterns considered_ only the _-on-1 quintuplet with

oxidizer in the center appears to be completely unsatisfactory (because

of the required pressure drop and diameter ratios of_0.0_ and_8.0_

respectively_. Any of the other patterns, which have pressure drop ratios

between 0.4_ and 1.31 and diameter ratios between 2._7 and 0.85, could

possibly be chosen as the pattern for the injector optimization study.

Patterns which contain a higher number of oxidizer than fuel orifices

would appear to be the most satisfactory because the dox/d f and/or

_Pox/_Pf ratios for these patterns are nearer to unity. Previous exper-

ience at Rocketdyne has included injector patterns in which

0.5_ dox/d f < 2.0.

The _-on-1 unlike quintuplet, with oxidizer in the outer orifices, pat-

bern was chosen for study during the injector optimization portion of

the program. Selection of this pattern was based on the above consider-

ations (diameter and _P ratios required for optimum mixing) and the

satisfactory employment of the subject pattern with a chemically similar

(FLOX/RP-1) propellant combination (Ref. 12).
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SUMMARY OF REQUIRED INJECTOR ORIFICE DIAMETER, PRESSURE DROP,

AND MOMENTI_ RATIOS (0XIDIZER-T0-FUEL)

(For several unlike impinging stream injector patterns wish

FLOX (80 percent fluorine)/55 percent methane-_5 percent

ethane LPG blend propellant combination at optimum mixture

ratio of 5.33

Parameter _

Diameter Ratio

AP Ratio

Momentum Ratio

Injector Pattern _-_

1-on-1 or 2-on-2

Unlike Impingement 2-on-1 _-on-1

Pattern Unlike Triplet Unlike Quintuplet
I
10xidizer

• O or ,o O

2.22

o._7

2.22

Oxidizer

Outside

•O0

1.58

0 ._h

2.17

Oxidizer

In-Center

o • o

2 .z_7

1.14

3.56

Outside

0o0

0.85

I .31

3.75

Oxidizer

In-Center
O

o • o

o

7.9

0.0_

0.70

_AII propellants in liquid state at -305 F

_For clarity, the oxidizer orifices are shown as black circles, with

the fuel orifices represented by white circles
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The "design equation" of Re£ 13 specifies the injection conditions neces-

sary for optimum liquid phase mixing of nonreactive streams. Although it

was anticipated that some modification to these cold-flow defined rela-

tionships may be necessary when the impinging fluids react, the estab-

lished influencing parameters have served as effective guides for hot-

fire injector optimization during previous Rocketdyne programs (Ref. 10

andll). In particular, injector optimization results presented in Ref. 10

indicate that for a _-on-1 quintuplet (the injector type selected herein)

the parameters influencing performance in the hot-fire case are the same

as those influencing distribution in the cold-flow case. These influen-

cing parameters are the orifice diameter and propellant momentum ratios.

As noted previously, small mean propellant drop sizes (in addition to

uniform mixing) will be required to obtain high performance from the

FLOX/LPG blend propellant combination. To obtain the smallest possible

propellant mean drop size (D30), minimum orifice diameters and maximum

injector _P's (consistent with system requirements)were employed.

If a minimum practical orifice diameter (df = 0.018 inch) is employed,

and the highest feasible injector _P is arbitrarily selected as 150 psi

at optimum mixture ratio, approximately 200 elements would be required.

From the standpoint of injector design complexity, it is desirable to

minimize the number of elements. Propellant manifolding (feeders) for

a 200-element _-on-1 injector (of the size to be employed herein) would

present complicated design/fabrication problems. For this reason, an

injector with approximately 100 elements was chosen.

Injector P-1. Design details of this injector are noted in Table I and

Fig. 16. Table I summarizes injector specification for all injectors

employed. Figure 16 illustrates a typical face pattern for the pentad

injectors.
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Further design details of the elements are listed below:

1. The propellant impingement point is 0.15 inch from the injector

face, and the impingement angle between opposing oxidizer streams

is 60 degrees.

2. 0xidizer/fuel manifold and feeder velocities are less than

i0 ft/sec.

3. Oxidizer orifice L/D's are 7. Fuel orifice L/D's are between

10 and 12, depending on whether df = 0.025 or 0.0292 inch.

Free stream L/D's for both oxidizer and fuel are between 5 and

9.

_. Element placement on the injector face is such that propellant

mass distribution is essentially uniform in terms of geometric

arrangement.

The impingement point and angle were selected to provide freedom from

injector face burning and efficient atomization. Feeder velocities,

orifices L/D's, and free-stream jet L/D's were selected to provide well

defined stable jets. The design values chosen were similar to those suc-

cessfully employed on related injector technology programs at Rocketdyne

1 and 12).

Injector P-2. This injector differs from P-1 only in the size of the

fuel orifice diameter. The fuel _nd oxidizer orifice diameters for this

injector are 0.0292 and 0.0250 inch (dox/df_0.85 = optimum design value),

respectively.

Two modifications, P-2-M1 and P-2--M2, of this injector were also designed.

Injector P-2-M1 is injector P-2 with fuel and oxidizer orifice diameters

of 0.0572 and 0.0520 inch (dox/df_0.85)_ respectively. Injector P-2-M2

is injector P-2 with fuel and oxidizer orifice diameter of 0.0465 and

0.0400 inch (dox/df=0.85) respectively A photograph (face view) of

injector P-2-M2, taken after experimental evaluation of the injector, is

shown in Fig. _ .
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propellant Manifolds

All injectors employed the same manifolding techniques (Fig. 18). Oxi-

dizer manifold and fuel dome designs were identical for all injectors.

Both the dome and manifold were made of 321 stainless steel.

Oxidizer Manifold. The oxidizer (FLOX mixtures) was fed into the mmli-

fold surrounding the injector proper. The manifold (Rocketdyne drawing

No. RID 2665) was welded onto the injector body.

Fuel Manifold. The fuel (55 percent CH_ - _5 percent C2H 6 LPG blend) was

fed through the dome. The dome (Rocketdyne Drawing RID 2666A) was bolted

onto the back of the injector proper.

TttRUST CHAMBERS

Uncooled, segmented, calorimetric copper thrust chamber assemblies were

employed throughout the experimental program. Provisions were made for

measurement of transient circumferential and axial chamber/nozzle heat

flux profiles.

Reference Chamber

A single reference (L* = 30 inches; _c = 2) thrust chamber assembly was

employed for evaluation of the various injectors. A schematic represen-

tation of this chamber assembly is shown in Fig. 18 andl9 . As is noted

in Fig. 19, the thrust chamber assembly consists of three essential

parts: (i) the cylindrical chamber, (2) the nozzle, and (3) split-ring

attachment device.
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Dimensions of the reference thrust chamber assembly were established

with aid of the following system requirements:

Propellants :

Thrust Level:

Chamber Pressure :

Mixture Ratio:

Aexit/A t :

Performance Level :

FLOX (80 percent F2)/55 percent CH_ - _5 percent

C2H 6 LPG blend

3K (5000-pound) thrust at sea level with optimum

nozzle expansion

I00 psia

5.55 = theoretical optimum

1.85 = optimum test site expansion at P =
c

i00 psia and MR = 5.33

97-percent c_+ efficiency (shifting equilibrium)

in 30-inch L _+ chamber

These system requirements were specified in the program work statement

(Ref. l_).

Selected nozzle parameters are listed below for the reference thrust

chamber assembly.

2
Nozzle Throat Area = 25.5 in.

Nozzle Throat Diameter = 5.7 inches

A
c Chamber cross-sectional areaContraction Area Ratio -

A t Throat area

Nozzle Convergence Angle = 30 degrees

Exit Nozzle = !5-degree cone

R
c

Rt 2.0

Radius of curvature of nozzle throat

Throat radius

= 2

A two-to-one contraction ratio (ec) was chosen for the reference chamber

because combustion model results suggested higher performance could be

achieved at a given L _ and use of a higher contraction ratio would result

in excessively large diameter and costly thrust chambers. The nozzle

convergence angle and exit configuration (15-degree cone) are similar

to those commonly used in numerous research programs. A radius of
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curvature of the nozzle throat to the throat radius ratio (Rc/Rt) of 2.0

was chosen because the nozzle discharge coefficient for the specific con-

figuration is well defined. Lower values of Rc/R t would result in operation

at conditions where the value of the nozzle discharge coefficient has not

been specifically defined. If the nozzle discharge coefficient is not well

known, performance analysis (based on P measurement) will not be well de-
c

fined. Performance was calculated from both P and thrust measurements.
C

A schematic representation of the reference chamber, with pertinent di-

mensions noted, is presented in Fig. 19. Detailed drawings of the essential

chamber assembly component parts are not presented but are noted in the

following engineering drawings:

i. Reference (_c : 2) nozzle (RID 4246 and RID _249)

2. Cylindrical Chambers (RID 3394)

3. Attachment Rings (RIC _247)

The uncooled nozzle and cylindrical chamber were made from high-purity,

oxygen-free copper. Copper was selected because of its high thermal

conductivity, relatively high specific heat, and satisfactory yield

strength at elevated temperatures. The attachment rings were fabricated

from 321 stainless steel. These same materials (OFHC copper and 321

stainless steel) were used for all subsequent chamber assemblies.

The split-ring attachment method was employed to attach the nozzle %o

the cylindrical chamber and, in turn, the chamber to the injector assem-

bly. This attachment method Was chosen because it permits fabricalion

of the chambers/nozzles from relatively small-diameter stock instead of

large (and expensive) forged billets. Larger-diameter material would be

required if the conventional flange and bolt attachment technique was

employed.
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Alternate Chamber

To define contraction ratio effects on performance, a _:1 contraction ratio

nozzle (Rocketdyne drawing No. RIC &251 and RID h252) was designed and

fabricated. Pertinent dimension of this nozzle, with the cylindrical

chamber necessary for a 50-inch L_ chamber assembly, are presented in

Fig. 20. The chamber diameter of the _:1 contraction ratio assembly was

identical to that of the 2:1 contraction ratio assembly (contraction ratio

was increased by decreasing the nozzle throat diameter). The nozzle con-

vergence angle, exit nozzle configuration (15-degree cone), and radius of

curvature of nozzle throat-to-throat radius ratio are identical to those

of the reference nozzle.

Cylindrical Chamber Segments

The thrust chamber proper (cylindrical chamber plus nozzle) was designed

as a two-piece unit to permit maximum use of available hardware while

studying the effects of chamber length/L _ and contraction ratio on per-

formance. The segmented design made variation of chamber length/L _

possible with one nozzle of each contraction ratio. Variations in

chamber length (at each contraction ratio) were accomplished by insert-

ing cylindrical chamber sections of various length between the injector

and nozzle assemblies.

Specifically, a cylindrical chamber 11.25 inches in length was fabricated

in addition to the 5.75-and 7.50-inch cylindrical chamber sections

required for the 50-inch L _ chambers. Depending upon the specific need,

three %o none of these chamber sections were placed between the nozzle

and injector assembly. Specific chamber assemblies employed are listed

in Table IV.

A photograph of %he assembled engine is presented in Fig. 21. Chamber

pressure taps, isolation heat transfer segments, Photocons, etc., are

shown in this figure.

Chamber instrumentation and design of the isolation heat transfer seg-

ments are presented in subsequent sections of this report.
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RESULTS

There were 125 hot-firing and 23 full-scale injector cold-flow experiments

conducted to establish design criteria for a high-performance injector using

the FLOX/methane-ethane (55-_5) LPG blend..The overall program objectives

included: (1) development of an injector capable of delivery of 97 percent

of theoretical shifting equilibrium characteristic exhaust velocity effi-

ciency at nominal design conditions, and (2) provide sufficient data to allow

subsequent extrapolation of the program results to other advanced space

storable propellant combinations and operating conditions.

The nominal experimental and thrust chamber design conditions were as

follows:

1. Chamber Pressure: 100 psia

2. Oxidizer: F2-O 2 (80-20)

3. Mixture Ratio: 5.33 (Maximum Theoretical c*)

_. Thrust Level: 3000 pounds (Sea Level)

5. Chamber Contraction Area Ratio: 2:1

6. Chamber L*: 30 inches

These nominal conditions were varied over the following ranges:

1. Chamber Pressure: 50 to 200 psia

2. Oxidizer: F2 (70 to 100 percent)

3. Mixture Ratio: 3 to 7

h. Thrust Level: 1500 to 5000 pounds

5. Chamber Contraction Area Ratio: 2 to _:1

6. Chamber L*: 15 to 60 inches
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The purpose for variation of the experimental and hardware design con-

ditions was to define the effect of propellant atomization and distribu-

tion changes on performance. The injector patterns were employed to study

the effects of injector design on propellant atomization and distribution.

The two patterns used were an unlike _-on-1 (four oxidizer streams imping-

ing on a central fuel showerhead) and like-on-like doublet.

The hot-firing experimental results are presented in Table V. Typical

parameters such as mixture ratio, chamber pressure, percent FLOX, chamber

configuration, etc., are shown. The tabulated corrected c _ efficiency

results were obtained by employing the corrections described in Appendix

h. The excellent agreement between corrected c _ efficiency, based on

thrust and chamber pressure, is illustrated in Fig. 22, which shows c _

efficiency based on chamber pressure plotted against efficiency based on

thrust. Data are presented for every seventh test in this figure. The

measured heat flux at various chamber locations during each run is pre-

sented in Table VI and VII. The cold-flow measured E values and predicted
m

losses in c _ efficiency caused by propellant maldistribution are presented

in Table VIII.

PERFORMANCE

Initial experimentation was conducted at nominal conditions with mixture

ratio and injector design as variables. Two _-on-i (pentad) and three

like-on-like doublet injector designs were tested. The efficiencies

that resulted are shown in Fig. 25. The _-on-i results are shown on the

upper portion (Fig. 25) and like-on-like results in the lower half (Fig.

25). The two &-on-I injectors differed only in respect to the size of

the central fuel showerhead orifice size. Injector P-I and P-2 fuel

orifice sizes were 0.0250 and 0.0292 inch, respectively. The design dif-

ferences between the three like-on-like injectors involved relative fan

spacing and angle. Fan spacing for LD-I and -2 were 0 and 0.275 inch,
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respectively; the fan inclination angle was zero. The third injector,

LD-3, had aligned fans (zero spacing) and the fans were inclined 25 de-

grees toward each other.

As indicated in Fig. 23, performance of the two _-on-1 injectors is about

the same and nearly invariant with mixture ratio. The efficiency at low

and intermediate mixture ratios (3 to 5) is approximately 97 percent and

is about 98 percent at higher values (6 to 7). The performance charac-

teristics of the three like-on-like injectors as a function of mixture

ratio are similar. The efficiency of the best design (LD-3) is about

98.5 percent at a mixture ratio of _; 96.5 percent at 5; and 96 percent

at 6. The lowest performing design (LD-2) was about 3 percent less effi-

cient than the LD-3 design.

The cold-flow results obtained using the five injectors are shown in

Fig. 2_ through 30. Measured distribution efficiency (Em) and predicted

effect of nonuniform distribution on performance are shown plotted as a

function of simulated mixture ratio for each injector in Fig. 2_ and 25.

Mass and mixture ratio distribution profiles for each injector (at the

nominal design operating condition) are presented in Fig. 26 through 30.

The upper portion of Fig. 2_ and 25 contain a plot of E versus simulated
m

mixture ratio; presented in the lower half of the figures is the predicted

effect of nonuniform distribution on performance. The 4-on-1 results are

shown in Fig. 2_ and the like-on-like in Fig. 25. Agreement is excellent

between cold-flow predictions and hot-firing results. As expected, the

two _-on-1 injectors performed the same. The predicted and measured dif-

ferences in performance between the best and worst like-on-like injectors

(LD-3 and -2) was about 3 percent.

The left side of Fig. 26 through 30 contains mass distribution profile

curves (in two orthogonal planes passing through the center of the injector);

presented in the right side of the figures is the "averaged" mixture
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ratio distribution profile. Averaged mixture ratio profile was obtained

by plotting the arithmetic average of the mixture ratio measured in each

row (or column) of the spray collector as the median of that row (or

column). The two orthogonal planes so formed are representative cross

sections of the entire mixture ratio when the spray patterns are sym-

metrical, as was the case with these injectors. Mass and mixture ratio

profile curves for the two pentad injectors (P-1 and P-2) are shown in

Fig. 26 and 27, respectively. Figure 28 through 30 present results for

the like doublet injectors (LD-1, LD-2, and LD-3), respectively.

To make interpretation of the mass and mixture ratio distribution profile

curves more meaningful, pertinent injector design similarities/differences

are reviewed. The two 96-element pentad injectors have an identical

geometrical arrangement of their elements. The only difference between

these injectors is the size of fuel orifices. Fuel orifice diameters

are 0.0250 and 0.0292 inches for the No. 1 and No. 2 injector, respectively.

All like doublet injectors have 112 elements (a pair of fuel and oxidizer

doublets) arranged into six rings of fuel and oxidizer doublets. The

No. 1 and No. 3 like-doublet injectors have the fuel and oxidizer doublet

rings on the same diameters (i.e., fan spacing = S = zero). For the

No. 2 like doublet injector, the oxidizer doublets are positioned in

rings 0.275 inches inside the fuel doublet rings (S = 0.275 inch). All

five injectors have the resultant spray from the outer ring of elements

canted 15 degrees toward the center of the chamber with the resultant

spray from the other elements being directed straight down the chamber.

Cold-flow measured mass and mixture ratio distribution profile curves for

the two pentad injectors (Fig. 26 and 27) and the two higher performing

like-doublet injectors (Fig. 28 and 30) are quite similar. This result

was expected because element distribution/orientation on the injector

face and resultant element spray cants are similar for both injector

types. Propellant mass fraction next to chamber wall and in the center

of the chamber is quite low. These regions of low mass fraction are
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caused by the 15-degree inward cant of the outer ring of elements and the

element free center portion of the injector, respectively. A region of

high massfraction occurs next to the low massfraction region adjacent

to the chamberwalls. This is also caused by the 15-degree inward cant

of the spray from the outer ring of elements. An examination of the

mixture ratio profile curves for these four injectors reveals that the

mixture ratio in the central portion of the spray pattern, comprising

the major portion of the mass, is at a nearly uniform mixture ratio equal

to that of the overall mixture ratio. In the low mass region near the

chamber walls, the mixture ratio of the spray produced by the No. 1

pentad and No. 1 and No. 5 like-doublet injectors is slightly higher

than the overall mixture ratio, while that for the No. 2 pentad injector

is slightly lower than the overall mixture ratio. Mixture ratios of about

10 percent higher and/or lower than the overall mixture ratio are found

in the 10 percent of mass nearest to the chamber wall.

Characteristics of the mass and mixture ratio distribution profile curves

for the No. 2 like-doublet injector are presented in Fig. 29. As noted,

the mass and mixture ratio distribution profiles for this injector are

substantially different than those of the other injectors. As was the

case with the other injectors, a region of low mass fraction occurs ad-

jacent to the chamber wall. Other than this similarity, "the mass dis-

tribution profile for this injector is quite different than that for the

other injectors. These differences can he directly correlated with the

difference in element orientation on the injector face for this injector.

The No. 2 (0.275-inch fan spacing) injector has a considerably lower

mixture ratio adjacent %o the chamber all than any of the other injectors.

The 10-percent of propellant mass nearest the chamber walls has a mixture

ratio 60 percent below that of the overall mixture ratio. The mixture

ratio in the central portion of the spray, comprising the major portion

of the wall, is a% a mixture ratio slightly greater than the overall

mixture ratio. The spray mass and mixture ratio distribution from all

injectors are exceptionally symmetrical.



Following the initial hot-firing injector evaluation experiments, tests
were conducted with variable thrust chambergeometry (L* and contraction

ratio), percent FLOX, and injection conditions (injection velocity was

changedby varying total flowrate and orifice size). The best like-on-
like doublet injector (LD-3) was selected as the design to be used for

these experiments. This selection was based on consideration of perform-

ance (Fig. 23), combustion stability (to be discussed later), and chamber

heat transfer. Chamberheat flux data obtained using the best performing
like-doublet (LD-3) and 4-on-i (P-2) injectors are shownin Fig. 31. As

indicated in the figure, the 4-on-1 injector caused very high flux values

throughout the chamberand nozzle as comparedwith the like doublet.

The results shownwere measuredat the nominal operating conditions de-

scribed previously. Further details regarding heat transfer rates as a

function of design and operating conditions are presented in the following

section of this report. In summary, the like-doublet performance was

similar, stability was decidedly superior, and resultant chamberheat
flux was about i/2 that of the 4-on-1 designs.

The effects of chamber L* and contraction ratio (Ec) on performance are

shown in Fig. 32, where c* efficiency is plotted as a function of mixture

ratio. Figure 32A presepts the E = 2.0 data for L* values of 15, 30,
c

and 60 inches. Figure 32B presents the E = 4 data.
C

A review of Fig. 32 shows that, in general, performance is higher _hen

= 2.0 with a given L* value. For example, at MR= 5.3, theusing a Ec

efficiencies at L* = 60 and 30 inches are 98.1 and 96.3 percent with

E c = 2.0 contrasted with values of 96.8 and 93.1 percent with _ = 4.0.
C

The efficiency levels at L* = 15 inches are about the same (_90 percent);

however, it should be noted that when using the L* = 15 inches and E =
c

4.0 configuration, the injector is bolted directly onto the nozzle so

that the effective contraction ratio is appreciably less than 4:1.
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The effect of percent FLOX on performance is shown in Fig. 33. In this

case, c* efficiency is plotted as a function of mixture ratio using 100-

percent fluorine (Fig. 33A), 80-20F2-02 :(Fig. 33B), and (70-30) F2-02

(Fig. 33C) as the oxidizer. All experiments, using the LD-3 injector,

were conducted at the nominal condition of P = 100 psia, L* = 30 inches,
c

and e = 2.0.
c

Examination of these results, shows that the shapes of the curves and

level of efficiencies for 100 and 70-30 percent F2-02 (Fig. 33A and

33B) are almost identical. The 80-20 percent curves differ somewhat, es-

pecially at lower mixture ratios. At optimum mixture ratio the 100 and

70-30 percent mixtures produced about 1/2 to 1 percent higher efficiencies

than the 80-20 mixture. The optimum mixture ratio or point of maximum

c* for the three oxidizers is 3.50, 5.33, and _.00 for the 100, 80-20,

and 70-30 percent F2-02 mixtures, respectively.

The final series of experiments conducted involved evaluation of the ef-

fect of injection velocity, orifice size, and chamber pressure on effici-

ency (Fig. 34). Efficiency versus chamber pressure is presented in

Fig. 3_A, using an L* = 30 inches and the LD-3 injector. Efficiency versus

chamber pressure is shown in Fig. 3_B using an L* = 30 and 15 inches and

a modified injector (LD-3M). In this case, the orifices of the original

= = 0.0_7 inch comparedinjector (LD-3) were enlarged (df 0.026 and d o

with df = 0.020 and d o = 0.036 inch). An 80-20 percent FLOX mixture was

used with an _ = 2.0 chamber. The nominal mixture ratio was 5.33. As
c

indicated in Fig. 3_, changing the chamber pressure from 50 to 150 psia

resulted in a performance increase of about 2 to 3 percent. Enlarging

the orifices resulted in a 1 to 2 percent performance decrease, depending

on the chamber pressure. (The effect of orifice size was greater at

lower chamber pressures.)
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THRUST CHAMBER HEAT TRANSFER

As an integral part of the FIDX/Performance program, complementary in-

vestigations were conducted to determine heat transfer characteristics

to the chamber and nozzle. Primary emphasis was directed toward providing

suplementary evidence to aid in selection of an optimum injector. Supple-

mentary effort was also directed to ascertain the effects of variations

in operating conditions, chamber geometry, and FLOX concentration (per-

cent fluorine) on the chamber heat flux. Local chamber heat flux char-

acteristics were determined as a function of both longitudinal and cir-

cumferential chamber position at the test conditions. Data were analyzed

by the methods outlined in Appendix F. Because this study was limited

in scope, only pertinent tests have been selected for analysis and in-

terpretation. However, a complete tabulation of average longitudinal

heat flux values for all tests are presented in Table VII. Specific

areas considered for analysis were a qualitative assessment of data re-

peatability, and an analysis of injector design, chamber pressure, and

mixture ratio effects. Concluding studies were directed to chamber

geometry effects and to a brief analysis of FLOX concentrations (percent

fluorine) influence.

Data Repeatability

Calculated heat flux data derived from three different tests conducted

at nearly the same operating conditions were compared to establish that

measured heat transfer characteristics were repeatable. These tests

were conducted with the like-doublet injector (No. 3) in the nominal

30-inch L # chamber having a 2-to-1 contraction ratio. The calculated

local heat flux derived from calorimetric data based on 72 individual

temperature measurements are shown in Fig. 35. Each single point defin-

ing the curve represents an average value derived from one to three in-

dividual heat flux measurements at the indicated axial chamber stations.



Test-to-test variation in heat flux is generally Well within ±i0 percent

in the chamber and throat section. Point-to-point variation of individual

circumferentially located measuring stations indicate similar character-

istics as shown in Fig. 56. The scatter of individual heat flux data is

more pronounced at the injector end, and may be generally attributed to

unstable boundary layer development in the transition regions.

Measured heat flux values (shown in both figures)" are substantially higher

than would be predicted from the Bartz simplified an_ysis. Further,

chamber heat flux is significantly high compared to the peak heat flux

of about _.5 Btu/in.2'sec near the throat, and also the indicated peak

heat flux occurs substantially upstream (approximately 2 inches) of the

geometric throat and thereafter undergoes a rapid decrease in a region

where persistence of high heat fluxes would normally be expected. In

general, the integrated heat load to the thrust chamber appears to be

approximately 150 percent of that which would be predicted from simpli-

fied analysis. The basic heat flux profile curve shown in Fig. 35 will

be employed for subsequent comparison with other pertinent injectors,

chambers, and operating conditions. As the basic curve for the optimum

like-doublet injector (LD-3) with the nominal 30-inch L* (Ac/h t = 2)

chamber using 80-20 FLOX, it serves as a reference for later comparison

to parametric effects of other design and operational variables.

Injector Design

Heat flux characteristics of the injectors evaluated are shown in Fig. 37.

In the cases shown, the mixture ratio and chamber pressure were at the

nominal design conditions of 5.53 and 100 psia, respectively. The thrust

chamber used was the nominal 50-inch L _ (Ac/A t = 2). The injectors eval-

uated included two _-on-1 pentad injectors (P-1 and P-2) and three like-

doublet designs (LD-1, LD-2, and LD-5). In addition to defining heat

transfer characteristics for these injectors, the heat flux level was a
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prominant factor in final selection of the optimum design. A review

of Fig. 37 clearly shows that the pentad injectors were generally con-

sidered unsuitable for further optimization. On the other hand, all

three like-doublet injectors display a much milder thermal environment

in the chamber and throat. Although greater differences in heat flux

are shown for the like-doublet injectors, they are all more moderate

than the 4-on-1 (pentad) injectors. Although like-doublet injector No.2

exhibits a significantly lower heat flux, performance capability was con-

sidered inadequate. Heat flux for like-doublet injectors 1 and 3 are

higher than that for No. 2, but the realizable performance increment

justify their consideration. Specifically, like-doublet injector No. 3

was found to be consistently capable of the target 97-percent combustion

efficiency, while only 95 percent could be realized with the No. 2 like

doublet. Like-doublet injector No. 1 was found to perform at a slightly

lower efficiency level (_96 percent) than the No. 3 injector.

Both pentad injectors gave efficiencies on the order of 97 percent. The

heat flux levels, on the other hand, were found to be significantly higher

than any demonstrated with the like-doublet injectors. The basic 4-on-1

injector is inherently capable of providing a very uniform propellant

distribution which is particularly attractive for maximization of per-

formance. On the other hand, the same factor which promotes efficient

propellant mixing is also a negative influence for controlled suppression

of heat flux. Because both basic injector types were found to be able

to deliver similar performance, injector selection would depend on other

significant parameters such as the heat transfer and combustion stability

characteristics.

Chamber Pressure

Heat flux data derived from experiments conducted with the optimum (LD-3)

like-doublet injector were evaluated to determine heat transfer response

to variations in chamber pressure. Although most data were from tests
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at nominal 100-psia chamber pressure, selected experiments also were

conducted over a limited chamber pressure range using the same test

components. The three curves shown in Fig. 38 represent average (of

one to three individual circumferential measurements) heat flux values

at various axial stations of the nominal 30-inch L* chamber with the

optimum injector at chamber pressure of 150, 100, and 50 psia. Similar

characteristic profiles are shown at all three chamber pressures with an

indicated convergence of the heat flux curves to a near common lower

value at the injector end.

The indicated peak heat flux values of 6.1, _._, and 2.8 Btu/in.2/sec

at respective chamber pressures of 150, 100, and 50 psia appear to corre-

late well with analytical considerations for fully developed turbulent

flow. Chamber pressure affects Reynolds number due to the corresponding

gas density changes with only a minor effect on combustion temperature.

The nominal 0.8 power dependence appears to satisfactorily describe the

indicated heat flux values at the three chamber pressures. The middle

curve (for 100 psia) is the same reference curve shown in Fig. 35. The

indicated values of heat flux at mid-chamber also appear to satisfy

turbulent-flow heat transfer correlations. It is of specific interest to

note that these heat flux profiles are representative of chamber pressure

effects when common thrust chamber components are used.

Mixture Ratio

Heat flux data derived from experiments conducted with the optimum like-

doublet injector (LD-3) were evaluated to determine the effect of mixture_

ratio variations on heat transfer response. In addition to chamber pres-

sure variations with the same test components, mixture ratio excursion

experiements were conducted with the optimum injector and the nominal

30-inch L* chamber. The basic reference heat flux profile curve of

Fig. 35 is shown superimposed on the average (of one to three individual

circumferential measurements) heat flux values for three tests conducted
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at mixture ratios of 4.20,-5.33, and 6.70 (Fig. 39). The data scatter

is even less than that previously indicated for test-to-test variation

(Fig. 35) when all operating conditions were normalized. These results

clearly indicate that within the mixture ratio range examined (4.20 to

6.70), there is virtually no effect on either the distribution or magnitude

of thrust chamber heat flux. This finding is supported by theoretical

chemical equilibrium analysis which discloses virtually no variation for

either theoretical gas temperature, density, or specific heat.

Characteristic Chamber Length

The effect of variation in chamber characteristic length, L*, on chamber

heat flux for a constant Ac/A t is shown in Fig. 40. These test data were

derived from experiments conducted with the like-doublet injectoY (LD-3)

three different chamber lengths with the same throat section (Ac/ht =using

2) in each case. The middle curve is the basic reference profile originally

shown in Fig. 35. The ordinate scale has been reduced to accommodate the

heat flux profile (right side) of the 60-inch L* chamber. The very peaked

heat flux profile for the 15-inch L* chamber is shown to the left of the

reference curve. The abrupt appearance of the heat flux curves for the

15-inch L* chamber reflects the physical absence of cylindrical length

prior to start of convergence.

Because the table (Fig. 40 inset) discloses nearly identical operating

conditions for each of the three tests, a similar maximum heat flux value

might be anticipated for ail three chambers. In fact, however, perform-

ance analysis indicates that the reduced heat flux for the shortest

chamber can be logically attributed to reduced combustion efficiency re-

sulting primarily from incomplete propellant vaporization. The measured

c* efficiency for the 15-inch L* chamber was approximately 90 percent as

compared to 96.5 and 98 for the two longer chambers. For the 60-inch

L* chamber, the indicated reduced peak heat flux in comparison to the
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reference case is slightly more obscure. Although possible reasons

could be postulated, an extensive and detailed analysis Would be required

to explain the apparent attenuation of heat flux for the longer 60-inch

L _ chamber. Two obvious reasons for the lower heat flux at the throat

of the longer engine may be postulated. First, with the long L/D of the

chamber, it is expected that about 8 percent of the total enthalpy of

the combustion gases may be lost to the copper chamber. This would re-

sult in a similar lowering of heat flux. Secondly, the long chamber al-

lows a thicker boundary layer buildup, which would also decrease the

heat flux.

The effect of chamber length variation for the _-to-1 contraction ratio

chambers is somewhat more unusual than that observed for the 2-to-1

chambers. Typical heat flux curves for characteristic lengths of 15-

30-, and 60-inch L* are shown in Fig. 41 for an Ac/A t = 4 configuratian.

The chamber pressure for the 4-to-1 chambers were nominally 200 psia

(compensation for reduced throat area to obtain equal thrust). As is

evident from the figure, peak heat flux for the L* = 15 chamber is sub-

stantially higher than for the 30- and 60-inch L* chambers. The magni-

tude of the peak heat flux is much higher than that which may be antici-

pated from turbulent boundary layer correlations, particularly in light

of the relatively low measured combustion efficiency. Without compre-

hensive analysis, the unusually high peak heat flux may be attributed to

unusual boundary layer effects related to the chamber shape. The 15-inch

L* chamber converges almost immediately to the throat without a signifi-

cant cylindrical region which would normally constitute the combustion

chamber.

Similarities and differences in heat flux noted between the _-to-I and

2-to-i contraction ratio chambers at L_'s of 60 and 30 may be due to

several effects. It would seem that the heat flux at 200 psi in the _-

to-i chamber is not proportionally higher than that observed at 2-to-i

contraction ratio at i00 psi. This is probably due %o combustion effici-

ency and boundary layer buildup effects.
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Oxidizer Fluorine Concentration

The effect of fluorine concentration in the FLOX mixture on chamber

heat flux is shown in Fig. 42. The test data shown have been derived

from experiments conducted with the selected optimum like-doublet in-

jector and the nominal 30-inch L* (Ac/h t = 2) chamber. The fluorine

concentrations of interest wer\_ 70 percent and 100 percent in addition

to the optimum 80 percent FLOX. Chamber pressure was nominally 100 psia

for the three tests; however, the mixture ratio corresponded to optimum

conditions for the respective FIDX concentrations in combination with

the 55 percent CH_ 45 percent C2H 6 LPG fuel. Optimum mixture ratio for

70-30 FLOX and for 100-percent fluorine are 4.0 and 3.5, respec_vely,

while that for 80-20 FLOX is nominally 5.33.

Reference to the curves of Fig. 42 will show that the heat flux profile

for both the 80-20 and 70-30 FLOX test is characteristically similar,

with throat heat flux for the primary 80-20 system slightly higher. The

heat flux profile for the 100-percent fluorine system, however, appears

distinctly different than either of the two FLOX systems. Specific de-

parture is in the level of heat flux in the cylindrical chamber section

and in the expansion region. The reduced chamber heat flux can be at-

tributed primarily to insulative effects of a substantial carbon deposition

layer in the thrust chamber. Posttest examination disclosed heavy (up to

1/4-inch thick) carbon layer buildup in the combustion chamber. Some

minor carbon deposition was also evident on the throat and expansion noz-

zle. However, its effect in moderation of heat flux would be substantially

less in these regions. As indicated in Fig. _2, the heat flux profile in

the nozzle expansion region for the 100-percent fluorine test appears to

exhibit a completely different characteristic than any of the preceding

experiments with FLOX. The reason for the flattened heat flux profile in

the expansion nozzle is not clear without a more detailed heat transfer

analysis, but may be found to be related to recombination effects.
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Summary

In summary, the supporting heat transfer analysis disclosed that measure-

ments and resultant analysis are based on repeatable and reliable tempera-

ture data. It was found that the general group of like-doublet injectors

would be favored over the _-on-1 pentad designs because of the generally

lower heat flux characteristics. Heat flux was found to vary with chamber

pressure in a well-ordered manner corresponding to convective heat trans-

fer for a fully developed turbulent boundary layer. Mixture ratio over

the nominal _.2 to 6.7 range had virtually no effect on heat flux char-

acteristics for the like-doublet injector. Effects of chamber geometry

were found to be generally amenable to analysis. The effects of fluorine

concentration were explainable in terms of observed phenomena and support-

ing theoretical analysis. The effect of carbon deposition (with 100-

percent fluroine) was clearly distinguishable in terms of a marked re-

duction in chamber heat flux.

COMBUSTION INSTABILITY

Based on reported previous experience, periodic occurrences of combustion

instability were expected during the experimental program. Other investi-

gators have experienced instability in a previous program using FLOX and

butene-1 (Ref. 21), even with relatively inefficient injectors. In addi-

tion, the size of the chamber (8-inch diameter) indicated that the first

tangential mode frequency of approximately _000 Hz was well within the

range wherein combustion driving effects could be expected to be large,

while damping effects were still small. And perhaps most important, the

objective, demonstration of high combustion efficiency, was likely to

bring with it a propensity for combustion instability.

Without specific requirements for dynamic stability, emphasis was directed

to control of self-initiated instability, i.e., instability which begins

without an external trigger source, such as a bomb or pulse gun. Fre-

quently, it has been found in the past that instability was initiated
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by a hard start, which served as a trigger for a nonlinear instability.

Another possibility is for the oscillation to essentially "grow" out of

the normal combustion noise. The latter type of instability is termed

"linear" instability. Both of these types are usually observed at the

engine start. In the latter case, if a very gradual buildup in chamber

pressure is allowed, there will nearly always be a point during this build-

up where a resonant modeof the chambercan readily couple with someother

resonance such as those of the propellant feed or injection system. In

most cases, this type of instability maybe avoided by simply using a

rapid start transient, and not allowing time for any pair of systems to

couple.

Pressure records of a typical unstable test from the Ref. 21 program
indicated that a slow start transient had been used because of the in-

jector prechill operation. Analysis of the test records indicated that

the probability for spontaneous instability could be avoided by using a

rapid start transient. The importance of maintaining a controlled engine

start transient was demonstrated in experiments with the normally stable
injectors. In two of the tests (28 and 3_), inadvertent start sequence

abnormalities caused spontaneous instability to occur. In the first case,

failure of a normal prestart injector purge resulted in injection of liquid

nitrogen into the combustion chambertogether with the FLOX/LPGpropellants

to cause spontaneous instability. In the second, a prolonged oxidizer
purge resulted in loss of injector chill and subsequent erratic injection

of propellants into the combustion chamber. Whenstarting transients were

properly controlled, there was no occurrence of combustion instability

with the like-doublet injector.

Later in the program, whentesting with the _-on-1 injector, it was found

that the injector was often unstable, regardless of the start sequence.

The rapid start sequence which had been successful with the like-doublet

injectors was not effective with the unlike _-on-1 pentad injectors.
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Several perturbations on this technique were tried, but the engine was

still spontaneously (linearly) unstable, particularly at lower chamber

pressures.

Significant ins%ability was experienced only with the pentad injector.

Four pentad injectors were used which differed with respect to orifice

diameter size and/or diameter ratio. These differences are tabulated

below:

Injector dox, inch df, inch doJd f

P-1

P-2

P-2-M1

P-2-M2

o.o25

o.o25

o.o32

0.0_0

0.025

0.029

0.057

o.0_7

1.0

0.86

0.86

0.86

The test conditions (chamber pressure, mixture ratio, and injector pres-

sure drops) and observed peak-to-peak chamber pressure oscillations for

each of these injectors are shown in Table IX. All like doublets and

pentads P-1 and P-2 were stable at nominal conditions.(P c = 100 psia)

with a noise level of less than 10 percent of chamber pressure. However,

at a reduced chamber pressure of about 50 psia, a 30-percent oscillation

was observed (with P-2).

After the first pentad modification (P-2-MI), the peak-to-peak amplitude

was found to be significantly dependent on cham%er pressure; the ampli-

tude varied between 10 and 200 percent of chamber pressure as the chamber

pressure was decreased from 150 to 75 psia. The final version of the

injector (P-2-M2) was tested at the maximum chamber pressure (175 psia)

which had been most stable previously, and peak-to-peak amplitudes of

200 percent of chamber pressure were experienced.
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The experienced instability appeared to consist of a mixture of several

acoustic modes. The average frequency was 4000 Hz and three coexistent

modes appeared to be present most of the time: the first tangential mode,

the first tangential-first longitudinal mixed mode, and the second longi-

tudinal mode.

In an effort to stabilize the motor sufficiently to permit meaningful

performance measurements to be made, an acoustic absorber was designed

and built. For simplicity and ease of fabrication, the absorber was

made up of a single row of Helmholtz resonators around the injector face

(actually four slot-like resonators, as shown in Fig. _3). These reso-

nators were machined into a 1-1/2-inch-long ring which formed an exten-

sion of the combustion chamber at the injector end. The absorber was

designed to have a resonant frequency of _000 Hz.

The chamber and absorber were tested over a range of chamber pressures

from 75 to 175 psia; average peak-to-peak amplitudes of 23 to 33 percent

of chamber pressure were observed over this range. Thus, the amplitudes

were too high to be regarded as entirely stable (<10 percent) but the

influence of the absorber was clearly evident. It is quite possible

that the chamber could be fully stabilized by varying the absorber de-

sign; however, an extensive stability study was considered beyond the

scope of this program.

Because of the nature of the present program, only limited analysis has

been done to attempt to understand the instability. Several explanations

may be offered but these can only be considered speculation without ex-

tensive analysis and experiment. For instance, it may be postulated

that somehow these high-energy space storable propellants are "different"

in their chemical kinetics than other propellants. This is unlikely

because chemical kinetic effects have never been found to be a factor in

combustion instability (Ref. 22). An explanation along similar lines

involves the effect of liquid reactivity. Because the like-impinging
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injector was found to be stable, and the unlike-impinging type was

unstable, it is possible that "blowapart" or impinging stream separation

may be a factor in the instability. Such a postulate is given (Ref. 23)

for earth storable propellants.

Cursory applications of the two most widely accepted combustion insta-

bility models is relevant. The Crocco theory, which should be most

applicable to a linear instability of the type encountered, predicts,

by a rough calculation, instability at frequencies less than about

6000 Hz at 100-psi chamber pressure (Ref. 2_). It also predicts that

by lowering chamber pressure, the engine would be expected to become

more unstable, which was, in fact, observed. Unfortunately, it makes

no distinction between the two basic injector types.

The Priem theory (Ref. 25), used predominantly for nonlinear or pulsed

instabilities, distinguishes between injector types and generally im-

plies the pentad to be the more unstable. On the other hand, the Priem

theory indicates that the instability should be no worse at the low

chamber pressure than at high. In summary, a cursory analysis of the

instability does not indicate any obvious explanation of the instabilities

observed with the pentad injectors; neither does it offer even qualita-

tive reasons to explain differences between injectors and operating

conditions.
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DISCUSSION OF PERFORMANCE RESULTS

Although the results presented in the previous material illustrate the

effects of individual conditions on performance_ this type of graphical

data display does not provide basic understanding of parameters affecting

performance. In an attempt to understand performance variation, these

results were analyzed in terms of changes in propellant distribution and

dropsize as a function of design and operating conditions. This analysis

was performed using cold flow spray measurement data and correlations to

determine if performance can be predicted using this cold flow informa-

tion as input data for existing computer programs set up to compute pro-

pellant vaporization rate and non-uniform distribution effects on performance.

Accordingly, the discussion which follows is divided into an analysis of

propellant distribution, atomization_and finally overall performance

prediction.

EFFECT OF DISTRIBUTION ON PERF0_MANCE

When analyzing the effects of nonuniform propellant distribution on per-

formance, the propellant combination and operating mixture ratio must be

considered. In addition, for a specific propellant and operating mixture

ratio, the effects of injector design parameters must be considered to

achieve a given level of uniformity. For this analysis, two figures of

merit, Em andUc._t ,were used. In this case, Em is the parameter that

describes the influence of injector design variables on distribution,

whereasOc, d_tdepends not only upon uniformity, but also on propellant

and operating mixture ratio.

Propellant Combination and Operating Mixture Ratio Effects

Figures 44 and 45 illustrate the effect of propellant combination on per-

formance. In Fig. 44, the ratio of theoretical c* to c* at optimum mixture

ratio is plotted as a function of actual mixture ratio divided by optimum

mixture ratio for the three propellant combinations studied in this program
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(100, 80-20, and 70-30 percent FLOX with 55-45 methane-ethane fuel). This

figure shows that if a nonuniform mixture occurs in the engine, the per-

formance penalty paid will be the most severe for the 80-20 percent FLOX

mixture, especially if local mixture ratios are in excess of optimum.

Figure 45 illustrates the effect of propellant combination and overall

operating mixture ratio obtained from cold-flow and hot-firing tests con-

ducted. The upper portion (Fig. 45A) shows the predicted performanc e loss

as a function of mixture ratio divided by optimum mixture ratio for the

three FLOX mixtures. The same injector (LD-3) and cold-flow collection

data were used in all three cases; only the input theoretical c* curves

differed when performing the stream tube analyses. The predicted per-

formance difference between F 2 or 70-30 percent FLOX and 80-20 percent

FLOX at optimum mixture ratio is about 1 percent. As the overall mixture

ratio is reduced, this difference diminishes. Figure&5 B shows the actual

hot-firing results. The observed difference in performance is again 1

percent at optimum mixture ratio and this difference also diminishes at

lower mixture ratios. These results clearly show that if injector cold-

flow results are used, performance of the general class of propellants

considered to be advanced space storable combinations can be predicted

and, therefore, optimized when considering nonuniform distribution effects.

Obviously, propellant atomization and subsequent vaporization must also

be considered to predict overall performance. (The influence of these

parameters on performance is discussed in detail later in this section.)

The effects of overall operating mixture ratio and degree of nonuniformity

(Em) on performance for a given FLOX/LPG propellant combination are shown

in Fig. _6. Presented is the predicted c* efficiency_aused by nonuniformity)

as a function of E m. The predictions are based on the use of 80-20 percent

FLOX. Included in this figure are cold-flow results obtained from all five

injectors experimentally evaluated. The data shown illustrate the dependency

of efficiency on distribution and overall operating mixture ratio. As
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indicated, at optimum mixture ratio (5.33), changing E m by 5 percent (90

to 95 percent) produced a 2 percent performance change (96 to 98 percent),

whereas if the mixture ratio is 4.0 the performance increase is about

• , (e.g., 90 percent) the predicted3/4 percent Further at a constant E m

efficiency is 99 percent compared to 96 for the same two mixture ratios

(_.0 and 5.33, respectively). It is of interest tO note that performance

of propellant combinations such as N20_/50-50 , C1F3/N2H4, FLOX/MM}I, and

0F2/B2H 6 are considerably less sensitive to E m. Generally speaking, effi-

ciencies on the order of 98 to 99 percent are predicted with these combi-

nations at an E level of about 90 percent at optimum mixture ratio.
m

Injector Design Effects on Distribution

As indicated previously, the figure of merit currently used in character-

izing injector design is E . Figures _7 and _8 illustrate the dependency
m

of E on injector design variables. During the present program, two
m

injector types, like- (like-on-like doublets) and unlike- (four oxidizer
streams impinging on a central fuel jet) impinging stream injectors were

investigated.

Like-impinging stream patterns require interfan mixing between oxidizer

and fuel fans to provide uniform propellant distribution. In this case,

propellant distribution is primarily a function of relative fan position

or orientation parameters, such as fan inclination angle and spacing. In

addition, Aistribution is also somewhat dependent on element or fan size

and ability of propellant penetration (velocity level and velocity ratio).

This latter effect was observed during the present program when a given

injector was throttled and the overall mixture ratio was varied. For

example, when the third like-on-like doublet injector (I/)-3) was drilled

out and throttled (the injector pressure drop was changed from i00 to i0

psi), Em decreased by about 2 percent. This is now denoted as injector

LD-3-M. Changing the mixture ratio from 3.0 to 8.0 resulted in a 2-percent

Em change. The effects of relative fan orientation on E m are shown in

Fig. _7. The influence of fan inclination angle and spacing are shown.

The greatest effect was noted when fan spacing was varied.
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The primary variables affecting the distribution created by unlike stream

impingement are propellant momentum and diameter ratio. Typical secondary

variables are element size, impingement angle, and proximity to adjacent

fans. It should be noted that this latter parameter (fan proximity) can

become a primary variable if gross nonuniformities in the individual spray

have been created either by improper choice of momentum or diameter ratio

or if large jet diameters and/or low pressure drops are used. In the latter

situation, the phenomenon termed "hypergolic stream blowapart" can occur,

(This same phenomenon is also a function of propellant injection temperature.)

However, in the absence of blowapart, distribution (E m) changes can be cor-

related in terms of momentum and diameter ratio. This type of correlation

is presented in Fig. _8, which shows E m as a function of Ko

oil) (13)

where

W

P

A

= propellant flowra%e (total)

= propellant density

= individual orifice area

Subscripts

f = fuel

ox = oxidizer

This correlation equation was originally developed at JPL (Ref. 13). As

indicated in Fig. _8,E m appears to be a unique function of K (both

h-on-1 injector data are included) In addition, E is very sensitive
" m

%0 K despite the fact that %he injector contains 96 elements that are

quite close %o one another and the individual elements are small (about

30 pounds thrust per element).
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EFFECT OF VAPORIZATION PERFORMANCE

In the above discussion, the attention was directed toward effects of

propellant nonuniformity on performance and efficiency predictions were

made assuming no loss due to incomplete vaporization. During the present

program, the effect of vaporization on performance was analyzed using the

computerized combustion program described previously. In summary, effi-

ciency losses due to incomplete vaporization are primarily a function of

propellant physical properties, propellant dropsize, and thrust chamber

geometry. Parameters such as chamber pressure and mixture ratio exert a

secondary influence on vaporization rate.

The vaporization rate-limited combustion model was used to define c*

efficiency, Uc*,vap' as a function of mean dropsize (D30), and L* for

the actual test conditions covered during experiment. These results are

shown in Fig. _9. Included are the following design and operating

conditions:

i. _ = 2.0; P = 50 to 150 psia
c c

2. _ = _.0; P = 200
c c

3. Injection velocity = actual experienced (Vf = 36 to 108 ft/sec;
V = 22 to 66 ft/sec)

o

_. MR= 5.53

Because dropsize is the controlling parameter limiting complete vaporiza-

tion for a given propellant combination and engine size, the influence of

injector and chamber design variables on dropsize must be evaluated if

performance predictions are to be made. For some propellant combinations,

i.e., N20_/50-50 , dropsizes of both propellants must be known to predict

vaporization efficiency. The propellant combinations studied in this

program, however, were found to be fuel vaporization rate limited for

equal fuel and oxidizer sizes (see Task I discussion); therefore, the
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dropsize analysis performed was directed toward parameters affecting fuel
atomization. (Analytical comparison of fuel and oxidizer dropsizes showed

that the oxidizer dropsize was always smaller than the fuel because of

physical property differences. Hot-firing tests were performed %0con-

firm %his analysis. The oxidizer orifices of %he first like double%

(LD-1) were enlarged after initial testing (from 0.029 %0 0.056 inch),

and %he before and after measured performance was the same (Table V).

In general, propellant a%omiza%ionby stream impingement has been found

%o be a function of:

Dropsize = f

injection velocity

orifice or jet diameter

impingement angle
propellant physical properties

combustion gas velocity

combustion gas density

Like Stream Impingement Atomization

One of %he important works performed on the subject of impinging stream

atomization was that of Ingebo of NASA some years ago (Refo 15). His

well-known equation shown below was obtained with like-doublet impingement

of equally sized jets using n-heptane as a liquid which is similar in

physical properties to the ethane-methane blend fuel in this program:

D30 -- 2.6_--VD+l (l&)0.97/(AV)/
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where

D30

V

D

_v

= volume-mean-diameter of resulting droplets, inches

= injection velocity, ft/sec

= orifice diameter, inches

= (Vg-VL) = relative velocity difference between gas and

liquid jet, ft/sec

This equation includes terms that take into account both the primary

(hydraulic) and secondary (shear) atomization processes, is considered

the primary atomization term and is controlled by injector design hydrau-

lics. The relative velocity expression (_V = Vg - Vinj) is considered

to be the secondary atomization term and is controlled by high velocity

gas forces acting on the liquid.

Other investigators have studied primary and secondary atomization sep-

arately. An example of the former is that of Dombrowski and Hooper (Ref.

16 ), who investigated the effects of injection velocity and impingement

angle, again with like-doublet streams of equal size. The latter, second-

ary atomization, has been studied by several investigators such as Dickerson

(aef. 17), Ingebo and Foster (Ref. 18), Mayer (Ref. 19), and Wolfe and

Andersen (Ref. 20). Unfortunately, these investigations have been per-

formed considering either one or the other processes (primary or second-

ary) only. Ingebo's work (Eq. 15) includes both; however, his results

are somewhat limited, especially when considering the effects of fluid

physical properties and gas density on secondary atomization. Because

of this limitation, the secondary atomization work of Ingebo, Ref. 18

(he studied secondary atomization only, as well as the previously presented

combined effort), and Wolfe and Andersen were reviewed relative to gas

density and physical properties effects.
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Comparing the secondary atomization equations of Wolfe and Anderson and

that of Ingebo:

1

D:3o_/ p ,,/6 X
I L Wo2/3 (_v_/3_.L1/3 oL_/2/'rg ) )

(Wolfe and (15)
Anderson)

1

_BL1/4aL1/?

(Ingebo) (16)

where

P = density

= viscosity

a = surface tension

_V = relative velocity between gas and liquid jet/droplet

Subscripts

L = liquid

g = gas

For a given fluid, equivalent gas velocity and characteristic dimensions,

the same parameters, fluid physical properties and gas density, appear.

The correlating exponents differ considerably. It should be noted,

however, that the experimental apparatus also differed. In the case of

Ingebo, a showerhead jet was injected normal to the gas flow whereas

with Wolfe, a single spherical drop was subjected to the gas flow field.
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In attempting to use the experimental work of Ingebo where both atomiza-
tion mechanismswere evaluated simultaneously (Eq. 1_), the most signifi-

cant limitation occurs when considering gas density differences. (n-

heptane and ethane-methaneblend liquid property differences result in

only about a predicted lO-percent dropsize changeusing either of the above

equations.) For the present program, it was assumedthat Ingebo's second-
ary atomization experimental work (Ref. 18) more closely modeled the actual

conditions encountered (i.e., a partially atomized liquid in the form of

ligaments being exposed to combustion gas density). Accordingly, the

equation employedto predict fuel dropsizes produced by like-on-like

injectors was:

D30 = 2.6P_--_ K (Pact
+ t %er ! (a v)

/
(17)

where

K= 0.97 x

_ i/_

[\ OL /n-heptane/\PL /LPG.I

Pref = 10.7 x 10 -& g/cc

actual chamber pressure
Pact = Pc/RT = theoretical gas constant x theoretical flame temperature

Unlike Stream Impingement Atomization

Until recently, no experimental data existed concerning dropsizes that

are produced by impinging jets of differing diameters and fluid properties.

The work performed at Rocketdyne by Dickerson et al. (Ref. 17) has shown

that considerably differing sizes and size distributions result from un-
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like, unequal-size impingement. Of significance to this program, Dickerson

found that a 4-on-1 element with fuel in the center jet produced the

following correlation:

f _l/_ \
orif

(%0)f 9/ (,8)
\f ox/

where

(D30) f

Dorif

Vf

V
OX

= volume mean,fuel drop size

= mean orifice diameter

= fuel injection velocity

= oxidizer injection velocity

These results, obtained in still air (thus minimizing the secondary atomi-

zation effects), show that the fuel dropsize is primarily a function of

oxidizer injection velocity. This dependency is in agreement with the

observed trends in 4-on-! performance as a function of mixture ratio

(Fig. 23), i.e., 4-on-i performance increases with increasing mixture

ratio when performance losses caused by nonuniform distribution are nor-

malized out (Fig. 24).
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PERFORMANCE PREDICTION

Previous programs have been conducted wherein consideration of either

primary (hydraulic) or secondary (shear) atomization alone were used to

successfully predict combustion efficiency. The NASA-sponsored lithium

program (Ref. 17) is an example of the latter. In this case, the entire

atomization correlation effort involved liquid lithium atomization by a

high velocity gas produced in a fluorine-richgas generator.

An example of the former (correlation of data considering primary atomi-

zation only) may be found in Ref. 1. In this Air Force-funded study,

the effects of injector design variables on primary atomization were in-

vestigated in considerable detail. The objective of the Ref. 1 effort

was correlation of spray injector parameters with rocket engine perform-

ance. The intent was to define injector design variables that affected

atomization and distribution and resultant combustion efficiency. During

this effort, the primary atomization process was studied using several

impinging patterns. A cold-flow wax system was used to generate original

unlike-impinging stream atomization correlations.

The major difference between the present program and that of Ref. 1,

aside from propellants, was inclusion of parameters affecting secondary

atomization, ioe,, chamber pressure (gas density) and contraction ratio

(gas velocity). During the Air Force-sponsored program, these two param-

eters were held constant, and at levels where secondary atomization was

diminished. Under these conditions, successful performance predictions

resulted by considering only injector hydraulics on atomization. Specific

sets of data generated duringthe current program can also be correlated

in this manner, i.e., results obtained with a given contraction ratio and

constant chamber pressure. However, a general correlation could not be

satisfactorily obtained without inclusion of secondary atomization.
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A performance analysis was made using Eq. 14 from which dropsize was pre-

dicted for the various configurations tested (includes both primary and

secondary atomization effects). The predicted volume mean fuel dropsizes

are presented in Table X as a function of injector type, chamber pressure,

chamber contraction ratio, injection velocity, and orifice diameter.

It should be noted that use of Eq. 14 required definition of the gas veloc-

ity which, at the present state of the art, can only be accomplished by hot-

firing experiment. A single test condition was used as a reference point to

calculate gas velocity. Calculation of this reference velocity was performed

by proceeding backwards using measured overall efficiency adjusted for

predicted distribution loss as a starting point. The dropsize required

to produce this performance level was determined using the vaporization

rate-limited combustion model (Fig. 4_. Having defined dropsize, the

gas velocity was determined by solving Eq. 14. In all remaining cases,

gas velocity (320 ft/sec for _ = 2:1, L* = 30 inches, MR = 5.33) was
C

assumed invariant, being only proportional to contraction area ratio.

The predicted and actual performance efficiencies for 16 differing design

or operating conditions are presented in Table XI This prediction was

made on the basis that overall efficiency is a product of distribution

and vaporization efficiencies, i.e., _c* = _c*,dist x UC*,vap" A comparison

between these efficiencies is shown in Fig. 50, which is a plot of pre-

dicted versus actual c* efficiency. The agreement is excellent. As

indicated in Table XI , several injector modifications are considered as

well as propellant combination, chamber pressure, contraction ratio, and

chamber length. The results shown in Fig.50 and Table XI are for an

operating mixture ratio of 5.33 (optimum c*) using like-doublet injectors.

Excellent agreement between predicted and actual efficiencies was also

obtained at other mixture ratios. However, additional mixture ratios

were not included in the present tabulation because of lesser interest

in off-design operation.
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While the available _-on-1 injector data agrees with predictions, experi-

ments were not conducted with variable thrust chamber geometries and useful

results were not obtained at differing chamber pressures due to combustion

instability. Because of this, it was felt that the range of data available

was too narrow for confirmation of predicted performance by actual results.

In summary, the program objectives have been achieved. High performance

using FL0X/LPG propellants has been demonstrated. Further, because pre-

dicted performance agrees with that actually observed within about ±1/2

percent over a very wide design and operating range, sufficient data exist

to allow extrapolation of the program results to other advanced space

storable propellant combinations and operating conditions. In addition,

cold-flow results have been presented which show the effects of injector

design variables on distribution and dropsize. Generally speaking, it

was shown that a mixing index value (Em) of about 95 percent is required

for high performance and the dropsize needed for high performance is

dependent upon the chamber geometry used.
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CONCLUDING _S

An analytical and experimental program has been conducted to establish a

sound technical base for predictable, high combustion performance of ad-

vanced space-storable propellant combinations. The propellants considered

consisted of mixtures of fluorine and oxygen oxidizers and light hydro-

carbon fuels such as ethane and methane. Cold-flow spray information re-

sults were used as input data for combustion performance prediction using

computerized combustion model programs involving propellant vaporization

and nonuniform distribution effects on delivered performance. The program

results have shown that performance predicted on this basis agrees very

well with actual observed efficiencies.

The data obtained have shown that present cold-flow correlations coupled

with a single, typical, hot-firing data point allow prediction and extrap-

olation of performance over a rather broad spectrum of design and oper-

ating conditions. Evaluation of other FLOX/LPG propellant combinations

may now be analytically performed with a high degree of confidence.

Previous programs conducted at Rocketdyne (Ref. '1) have also shown that

the use of cold-flow data and combustion model analysis will result in

successful prediction of performance. It is felt, however, that the wider

scope of the present program resulted in more generally useful correlations

in certain respects. The major difference between this and the Air Force-

sponsored program (Ref. 1) was inclusion of parameters affecting secondary

atomization, i.e., chamber pressure (gas density) and contraction ratio

(gas velocity). In reviewing these two programs, it is felt that previous

effort was more useful in understanding injector design influences on

performance whereas the present results are more generally applicable

for extrapolation to other operating conditions and thrust chamber geometries.

Present results have several limitations. For instance, specific design

criteria do not exist in the area of injector-chamber compatibility when

using LPG fuels. The familiar "fix" of injecting film cooling near the
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outer periphery to reduce heat flux or improve ablative chamber life will

probably result in unsatisfactory performance. Performance is very sensi-

tive to nonuniform distribution as evidenced by the shape of the theoretical

c* curve versus mixture ratio. Further, present results are limited to

liquid-liquid injection. Injecting the fuel as a gas does not present any

unique combustion modeling problem; however, quantitative gas-liquid dis-

tribution data as a function of injector design do not exist.

Finally, when cold-flow spray data are used as computer input, it is obviously

restricted to injector designs amenable to cold-flow spray characterization.

For instance, designs that are particularly sensitive to high combustion

gas cross-flow velocities (radial winds) caused by very localized mass injec-

tion will be difficult, if not impossible to analyze. Further, inappropriate

feed system designs which have high manifold cross velocities and/or very

short orifice L/D ratios cannot be expected to produce reliable or repro-

ducible cold-flow correlation results. In this case, ambient versus actual

chamber pressure environments will obviously cause differing distributions.
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TABLE I

SUMMARY OF INJECTOR ASSEMBLY SPECIFICATIONS

Injector
Identification

Number

LD-I

LD-I_M

ID-2

LD-3

LD-3-M

P-I

P-2

P-2-MI

P-2-.M2

Injector

Type

Like Doublet

Orifice Diameter

Oxidizer) Number

Fuel, df, dox , of
inch inch Elements @

0.0200 0.0292 112

0.0360

0.0292

0.0360

0.0260 o.o_69

O.O25O 0.0250 96

0.0292 I

0.0372 0.0320

0.0_65 0.0_00 ]

Nominal

Injector z_P (psi) at

Design Conditions

Oxidizer Fuel

290 i00

85

290

85

30 30

190 2_0

190 13o

60 _5

30 25

dox/d f

1.46

1.80

1.46

1.80

1,00

0.86

Y

Pattern Specificatinns _+

Fan

Fan Inclination

Spacing, Angle,

inch degrees

0.00 0

0.275

0 .oo 25

NA NA

1 1

Impingement l_ocketdyne

Intra-Element Angle, Drawing

Spacing, inch degrees Number

00.20

0.25

NA NA

RIE 2676-3

R1E 2676-5

RIE 21&l

RIE 2665

*Like-doublet element is pair of fuel and oxidizer doublets.

**All injectors contain six rings of elements. For each injector, the outer ring of elements are canted so that

the resultant propellant spray is directed 13 degrees toward the axial eenterline of the injector. _esultant

propellant spray direction for the remaining elements is parallel to the chamber axis. See Fig. 9 and 16 for

illustration of typical face patterns for like-doublet and pentad injectors, respectively.

*_-_Four oxidizer streams impinging on a center fuel stream.



TABLE II

MODEL INJECTOR DESIGN SPECIFICATIONS_

Injector
Quadrant

RID2692-1

RID2692-2

RID2692-3

R1D2692-_

RID2716-1

RID2716-2

RID2716-3

R1D2716-_

Fan Inclination

Angle, degrees

0

0

0

25

25

25

10

_0

Element Spacing

(between paired
fuel and oxidizer

doublets), inch

0.20

0.30

0._0

O. 20

o.3o

0._0

O. 20

O. 20

_Df = 0.0200 inch; Dox = 0.0292 inch; injector

I00 psi _ AP _ 200 psi; spacing beiween elements

is constant for all quadrants (_ 0.75 inch); fan

spacing and impingement angles were zero.

78



TABLEIIl

SUMMARYOFMODELINJECTORCOLD-FLOWDATA*

Injector
Quadrant

RID2692-1

RID2692-1

RID2716-3

RID2692-_

R1D2716-_

RID2692-2

RID2692-3

RID2716-:

RID2716-1

RID2716-2

Fan Inclination

Angle, degrees

Intra-Element

Spacing, inch

0

0

10

25

_0

0

0

25

25

25

0.20

0.20

0.20

0.20

0.20

0.30

0._0

0.30

0.30

0._0

Em_

percent

79._

77._

80.5

83.3

79.0

78.7

75.3

85._

88.0

86.5

*Nominal mixture ratio = 5.33 for all tests.
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TABLE IV

CIIAMBERASSDIBLY SPECIFICATIONS

Nozzle
Contraction

Ratio

2

(See Fig. 19)

(See Fig. 20)

Chamber

Assembly
L_, inches

15
30
60

15
30
60

Distance to
Start of

Convergence_
inches

_.687

12.187
27.187

1.083
_.833

12.333

Distance to
Geometric

Throat, Lt,
inches

8.267
15.767
30.767

5.653
9._03

16.903

Number and Length
of Cylindrical

Chamber Sections

Employed

None

One; 7 inches long
Three; 3.75, 7.50,
and 11.25 inches long

None
One; 3.75 inches iong

Two; 3.75 and 7.50
inches long

8O



TABLE V

SUMMARY OF PERFORMANCE DATA

OD

Injector

Test Assembly
Nawber Number

1" P-I

24'

3 o

4

3

6 r

8

9

lOm

ll

12

13

14

15 1

16 P-1

17

18

19

2O

21 _lr

P4

23

24

2_

26

27 w

Chamber

I Anemblpv

!L*, in/%

_/2

0zidizer 1

(7_ F2)

1'

F_ (_ F2J

Stagnation

Chamber

Pressure_

psxa

100.0

loo.O

lOO.0

lO3.0

104.1

97.8

99.4

103.8

105.6

100.0

lO3.O

102.0

104.0

100.3

97. I,

100.7

102.6

101.9

10 It .2

99.5

lo2.4

lOl.3

lOl.4

102.9

102.6

1o3.o

loo.O

Hixture

Ratis,

Vor/_ f

5.33

5.33

5.33

5.18

6.99

4.02

ti.76

3.75

5.20

6.30

5.13

3-43

3-95

6.t,O

4.97

5.18

6.36

5.30

6.96

4.06

0.97

5.31

3.32

6.1t2

7.97

3.83

_.00

Total

Propellant Measured

Flowrate, Throat Ar a, Thrust,

wt' lb'/see At' in'_ Flmas , lbf

- 23.39

r
12.990 23.42 2997

13.309 3091

12.482 2853

12.369 2834

12.940 3OO8

13.208 3079

12.915

12.779

12.962

12.918

12.053 I,

12.639 25.47

13.012

12.76_

13.41_

_.69l

lk.424 ¢1

12.682 25.32

12.779

13.080

13.781

13.0_3

2096

2940

3090

28%

28OO

2090

2986

2%5

_46

2065

2_5

2_7

2_6

3001

299O

3OO9

Fva c , lbf

Csrr@cted C_Eff!

C*thes, (Baaed on Pc),

ft/mec percent

3643 6703.0 99.2

3737 6h25.0 99.9

3_99 6805.0 95.9

3480 6730.0 96.1

363_ 6800.0 97.1

3725 6700.0 98.4

55_2 6916.0 95.1

3586 6910.0 95.4

3736 6758.0 97.8

3542 6712.0 95.0

3h_0 6909.0 96.5

3536 6910.0 96.1

3632 6725.o 97.7

3611 69'20.0 96.3

3692 6573.0 98.4

3511 6780.0 96.3

3621 6035.0 90.1

3603 692o.0 96.6

3592 692o.o 96.4

36_7 6707.0 98.3

3636 6295.0 99._

3635 6736.0 9_.4

Cerrectsd cWgf f]

(Based on F),
percent Remrks 3

- Ns umabls data. Fuel

I flewrate nst recorded.
NO tteable data. Fuel

flewrate not recorded.

No _able data. Fuel

flowrats not reeerd*4.

98,9

100.h

97.1

97.6

97.2

98.6

92.9

95.1

98.1,

95.6

96.9

9512

97.0

96.4

98.7

96.2

98.1

96.0

95.8

98.1

98.8

98.3

No umahle performance data

obtained. Ran out of ful

No unable data. Run

duration tss short, Fuel

min valve closed prema-

turely.
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TABLE V

(Continued)

O0

%A

Test

Number

55*

56*

57*

58*

59*

60*

61"

62 **

63 **

64 **

65**

66 *

67*

68

69

70

71

72

73*

74

75

76

77

7B

79

80*

81

82

83

84

85

I Stagnation

Injector Chamber Chamber 8

Assembly Assembly,] Pressure,

Number L*, in/_ c 0xidizer I psia

P-2-M2 30/2 , FLOX (80% F2) 150.0

t

LD-I-M

LD-5

t

60/2

t

Total

Mixture Propellant

Ratio, Flowrate,

,%x/_f 4t, lb_/_eo

5.33

t

175.0 5.33

174.2 5.57 21.734

150.5 5.00 18.750

99.1 5.61 12.758

71.2 5._0 9.149

lOO.0 5.533

IOl.O 5.50 12.792

101.2 5.47 12.872

101.2 6.77 13.350

102.7 5.97 12.948

101.5 5.25 12.799

100,0 5.5Z

99.9 5.4o 12.578

102.3 4.20 12.786

99.0 6.7o 12.896

99.5 5.5_ 12.428

98.5 5.22 12.z56

152.0 5.23 18.607

50.0 5.5_

48.3 5.60 61834

100.4 5.29 12.535

100.8 5_44 12.648

100,3 6.78 lZ.069

102,6 4.10 12.866

Measured

Throat Area, Thrust,

At, in. 2 Fmeas , Ibf

25.52

25.56

I

5692

4714

2916

1939

2886

2942

2947

3036

2978

2899

2987

2875

2877

2850

4758

ii19

2959

2963

2948

5038

Fvae, ibf

6538

5360

3562

2585

3532

3588

559_

3682

3624

3545

5633

3521

3525

3496

5398

1765

3605

3609

3594

5684

C*theo '

ft/see

6885.0

6915.o

6875.0

6885.0

6895.4

6901.4

6626.7

6761.8

6921.5

6915.9

6807.6

6641.4

6918.6

6919.1

6956,4

6805.7

6920.9

6907.5

66q2.4

6787.4

Corrected C*Ef f

(Based on Pc),

percent percent

96.1 96.9

96.3 96.6

96.8 95-7

96.5 97.0

95.3 94.8

95.0 95.2

95.4 95.6

97.8 97.8

95.4 95.5

96.1

97.8

96.5

96,4

96.5

97.8

95.2

98.0

98.1

98.8

99.9

Corrected C*Ef f

(Based on F)

96.0

98.0

96.6

96.0

96. '_

97.5

98.4_t "

98.6_

98.5

99.3

IO0.6

Remarks 5

No Usable Data (RCC)

No Usable Data (RCC)

No Usable Data (RCC)

Tests conducted with a-

coustic absorber fabrica-

ted from mild steel. Edges

of acoustic cavity were

burned. (RCC) No Usable

,Data.

Tests conducted with OI_C

copper acoustic abosrber.

Perfromance data ques-

tlonable (See Footnot%

No Usable Data. Flo_,_et(.r

Problems

No Usable Data. Fuel

Flowrate Unsteady.

qo usable data. Fuel flow-

care unsteady.

'Possible nozzle flow sepa-

ration. Consequently per-

formance value based on

bi'_ust should be abed

judiciously.



TABLE V

(Cont±nued)

Test

Numberl

86

87

88

89

9O

91

92

93

94

95

96*

97 _

98

99*

100

101 _

102

103"

10_

105

106

107

108

109

110 _

lll _

112

113

114

Injector

Asaembly
Number

Chamber

Assembl ,

L_ , in_ c

60/4

15/2

_o/_

15/4

_oD

0xidizer 1

F_X (SO_ F2)

,r

(7_ r 2)

_ (_o_ r2

Stagnation Total

Chamber 2 H£xtu_e Propellant Measured
Pressure, Ratio, Flo_Tate, Throat Area, Thrust,

p.ia Wox_Wf wt' lbm/,ec At, in. 2 F .... , lbf

199.2 5.27 12.35_ 12.91

20O.7 5.31 12._15

205.6 _.15 12.631

198.8 6._7 ]2.792

199.o 5.22 12.218

206.1 h.10 12.668 1

99.0 5.h7 12.53h 25.56

lOi.] 5.35 12.721 |

100.5 6.82 13.168

102.1 t,.16 12.786

200.0 5.33 12.91

200.0 5.33

197.2 6.32 12.998

200.0 k. O0

19h.2 5.68 12._9@

200.0 5.33

203.5 4.91 12.732

200.0 k. O0

199.2 6.63 13.0_0

201.5 5.16 12,719 1

95.8 4.10 12.113 25.56

97.8 3.94 12.282

99.0 5.38 12.612

97.2 3.06 12.551

100.0 _.00

100.0 _.00

98._ _.46 13.105

97.1 6.43 13.MI

98.9 5.50 12.971

3324

5359

3h63

3306

331h

3_6_

2712

2780

2786

2835

524_

3186

3189

3109

31_2

2759

2806

2827

2798

2879

283_

2880

Fvac, lbf

3839

387_

3978

382]

3829

3979

5358

3_26

5_32

3_81

3759

3701

370_

3624

3657

3_05

3_52

3473

3444

3525

3_80

3526

C_theo

ft/sec

6993._

69%.3

6855.6

675_.2

6993.3

6850.8

59o1.1

692o.1

6612.2

6799.7

6791.2

69h0._

6971.9

6717.6

6993.7

6803.0

6804.0

6677.0

6635:0

6h89.0

6157.0

6557.0

Corrected C#Ef f Corrected c_Ef f

(Based on PC), (Based O_ F),
percent pereen_ Remarks 3

96.2

96.9

99.3

96.6

97.h

99.3

92.9

93. l

97.2

97.t,

97.9

97.3

97.0

98.5

07.1

96.8

97.6

100.2

97.1

97.4

99.9

80.3

89.8

90.9

92.2

92.6

9_.3

90.5

90.0

89.2

97.7

97.8

97.5

97.8

97.0

98.7

97.0

c u" effiei_.ncy ba_ed on Pc

is not presented because
_t would be in error

(high) beea/_se appreciabI,
amounts of combustion

occur in the nozzI_ for

t.his confi_traLion.

TesL duration wilful shor_
Lo dotcrmine stead -state

perf. {R_s 96 &

Same as Test No. 96 _

Same as Test No. 96_"

See Rema_< for Tests 92-9

Same as Teat No. 96 _

See Remark for Tests 92-9_

See Remark for Tests 92-9_

No Usable Data (RCC)

No Usable Data. Flowrates

Unsteady



TABLE V

(Concluded)

O0

k.n

Test

Number

115"

I16-

117

118

119

120

121

122

123

12_

125

1.

2,

3.

Stagnation Total

Injector Chamber Chamber 2 }lixture Propellant
Assembly Assembly, Pressure, Ratio, Flowrate,

Number L*, in/_ c 0xidizer I psia Wox/Wf wt' lbm/sec

LD-3-B 30/2 FLOX (80% F2) lO0.0 5.53

100.O 5.33

150.2 4.42 18.581

149.9 g.99 18.612

99.2 4.04 12.468

IO0.O 5.24 12.687
i

g6.7 6.06 6.295

15/2 150.5 5.25 18.842

I lO0.8 5.58 12.893
i lOl.1 5.37 12.925

I ' I 47.9 5.05 6.585

Fuel for all tests was 55 percent CHg_I 5 percent C2R6 LPG blend.

Derived from Pc near start of convergence.

RD_ ,_ Test cut by rough combustion cut system.

Nominal target test oonditions showm.

Measured

Throat Area, Thrust, C*theo

At, in. 2 ibf ibf ft/secFmea s ' Fva c ,

25.56

4709 5355 6871.6

4683 5329 6941.6

2858 5505 6773.6

2919 3565 6920.6

1069 1715 6701.2

4486 5132 6955.3

2788 3434 6917.2

28O4 5450 6917.9

1052 1698 6836.5

Test not cut by RCC system but peak-to-peak Pc oscillations greater than 25 percent of Pc (Perf. data questionable.)

Corrected C*Ef f Corrected C*Ef f

(Based on P )_ (Based on F),

percent c percent Remarks 3

No usable data. (RCC)

No usable data. (RCO)

97.6

96.3

97.7

95.4

93.2

98.0

96.4

97,5

95.8

95.5

90.3

88.8

89.0

89.7

See remark for Test 81.

See remark for Tests 92-95.

See remark for Tests 92-95.

See remark for Tests 92-95.

See remark for Tests 92-95-
and _1.
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8UMMAR

1 2 3 z_ 5 6 7 8 9

r-4

o ©

3/_.39
9/_.63

ii/5.03

3/_. 52
9/_.93

11/5. o,,

3;/3 1_

9/3.99
ii/3.78

3/2.19

9/2.23

Ii/2.86

3/2° 74

9/3. i8

_z/3.37
38/3

_6/3

_8/3

,_ 50/_

53A
5_/3

55A
57/3

o

59/3

6V2
63/2

._6

.98

• 50

.02

.27

.76

-57

.20

.20

.87

.79

38/3.26

_6/3.82

_8/3.27

50/3.60

53/3.82

5_/3.60

55/3.5z
57/2.91

59/2.85

61/2.68

63/2.5_

38/2.82

_6/3.o9

_8/3.21

5o/3.7_

53/3.59
5_/3._7

55/3.78

57/2.62

59/2._2

61/2.06

63/2.36

38/2.87

_6/3.33
_8/2.31

5o/3.16
53/2.09

5&/2.69

55/i.85

57/2.05

59/i._8

61/1.76

63/1._5

38/2.89

$6/3.17

_8/2.65

50/3.06

53/2._7

5_/2.57

55/2.15

57/1.98

59/1.67
61/1.59

63/1._o

3/3.19

9/3._5

11/3.7_

38/2.81

_6/3._2

_8/3.86

50/3.50

53/3.03
5_/2.63

55/2.5_

57/2.00

59/2.05

61/1.73
63/1.89

_Table values are station code/heat flux; values of heat flux are in Btu/in.2-see



TABLE VII

OF IIEAT FLUX DATA*

TEST NUMBER

ii 12 13 14 15 16 17 18 19 20

3/3.08
9/2.64

11/2.1.0

38/2.65
46/2° 92

48/3.15
50/3:22

53/3.15
54/2.95

55/2.63

57/2.28
59/1.98

61/1.67

63/1.49

3/3.45
9/'2.93

11/2.83
3s/3.64
46/3.90

48/3.96
50/4.35
53/4.02

54/3.70

55/3.11

57/2.76

59/2.21

61/1.98

63/1.62

3/3.17
9/2.51

13./2.19
38/2.96

46/3.39
48/3.32

50/3.87

55/3.82

54/3.59

55/3.07
57/2.69

59/2.23

61/1.87

63/1.79

3/3.62

9/3.26

11/3.31
38/3.75
46/4.12
48/4.07
5oA.o5
53/3.75

54/3.56
55/3.02

57/2.55
59/2. II

61/1.92

63/1.64

3/3.19

9/2.91

lV2.76

38/2.82

46/3°40

1.8/3.4o
50/3.68

53/3.52
54/5.38
55/3.ol
57/2.55
59/2.22

61/1.89

63/1.89

3/1.. 70

9/5.06

11/5.37

58/5.61

1.6/6.11

48/5.75

50/6.04

53/5.76

54/5.1.7

55/5.07
57/4.15
59/3.67

61/3.35
63/3.21.

3/5. o1.

9/5.46

11/5.84

38/4.95

46/5.44

48/1..79

50/5.02

53/4.67

54/_.33

55/4.05

57/3.15

59/3.02

61/2.61

63/2.61

3/4.65

9/5.12

11/5.38

38/5.12

1.6/5.88

48/5.36

50/5.73

53/5.39
51./5.o5

55/1..43

57/3.71

59/3.1.5
61/3.17

63/2.94

3/5.1o
9/5.62

11/5.89

38/4.65

1.6/4.83
48/4.22

50/4.40

53/4.18

54/3.96

54/4.22

57/2.85
59/2.79

61/2.41

63/2.33

3/3.63

9/4.1.4

11/3.66

38/4.15

1.6/4.75

48/4.32
50/5.02
53/1,. 98

54/4.93
55/4.16

57/3.68

59/3.22

61/3.31.
63/2.90

i

87



TABLE VII

(Continued)

TEST NUMBER

21 22 23 24 25 26 27 28 29 30 31

3/4.92

9/5.24
11/5.1o

38/3.2_

_6/3.49

48/3.32

50/3.36
53/3.28

5_/3.2o

55/3.Ol
57/2.30
59/2.23

61/1.95

63/2.01

3/4.72
9/5.18

11/5.48

38/5.57
46/5.41

48/5.21

50/5.20

53/4.23

54/_.17

55/3.51
57/3.24

59/2.62

61/2.53

63/2.12

3/4.85
9/5._6

11/5.8o

38/6.o4

46/6.16

_8/6.13

50/5.72

53/4.97

54/4.96

55/_.o8

57/3.73
59/3.00

61/3.o6

63/2.60

3/5.34
9/5.78

11/6.11

38/5.20
_6/5.38

48/5.i5

50/_.82

53/4.12

54/4.05

55/3,26

57/2.96

59/2.44

61/2.47

63/2.4_

3/5.23
9/5.53

n/5.5_

38/3.87

46/4.0_

48/_. 08

50/4.04

53/3.66

5_/3.87

55/3.o6
57/2.80

59/2.33

61/2.33

63.2.05

3/4.38
9/4.85
11/5.11

38/5.12

46/5.60

48/5.76

50/5.36

53/5._9

5_/4.9o

55/_.83

57/3.93

59/3.80

6i/3._o

63/3.44

r.O

©
z

3/4.94

9/5.2h

ii/5.35

38/5.33

46/5.86

48/5.22

5o/5.Ol

53/_._3

5_/4.74

55/4.05

57/3.70

59/3.27
61/2.96

63/3.05

3/4.98

9/5.49

ii/5.7i

38/5.54

_6/6.15

48/6.o5

50/5.66

53/_. 94

5_/4.52

55/3.88

57/3.32

59/2.96
6i/2.67

63/2.58

3/3.7o
9/_.29

ii/4.55

38/3.87
46/_.30

_8/4.o7

5o/_.6_

53/5.41

54/4.89

55/_.59

57/_.02

59/3.62

61/3._71

63/3.15

3/5.o8

9/5.3v
11/5.76

38/5.32

_6/6.32

48/5.90

5o/5.23

53/_.92

5_/_.32

55/3.85
57/3.22

59/2.90

61/2.7o

63/2.52

*Table values are station code/heat flux; values of heat flux are in Btu/in.2-sec.
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41 42 43 45 45 46 47 48 49

3/3.83
9/_.52

ll/5. O0

38/5.14
46/5.3_

48/5.35

5o/5.5o
53/5.37
54/5.23

55/4.79

57/4.o5
59/3.68

61/3._5

63/3.13

3/4. o3

9/4.02

11/5.35
38/5.43

_6/5.44

48/5.63
50/5.45
53/5.29

5V5.13
55/4.76

57/3.81

59/3.55
61/3.34

63/3.03

3/3.60
9/3.81

11/3.96

38/3.45
46/3.5_
_8/3.33

50/3.30
53/2.77

5_/2.67

55/2.15

57/1.85

59/1.54

61/1.53

63/1.33

3/3.94

9/4 • Og

11/3.68

38/2.96

46/3.04

_8/2.74

5o/2.71

53/1.97

5_/1.95
55/1.46
57/1.25

59/o.96
61/o.9_

63/0.79

3/3.79

9/3.95

lV3.83
38/3.25

46/3.17

48/3.03
50/2.88

53/2._7

54/2.28

55/1.89

57/1.51

59/1.33
61/1.18

63/1.1o

3/5.53
9/_.92

11/4.40

38/3.27

46/3.42

48/3.37
50/3.02

53/2.58

54/2.25

55/1.87

57/1.48

59/1.4_

61/1.1_

63/1.29

3/4/25
9/_.24

11/4.02

38/3._3
46/3._2

_8/3.14

5o/3.01

53/2.21

54/2.20

55/1.65

57/1.52

59/1.o8

61/1.o7

63/0.86

3/3.44
9/3.46

11/4.29

38/4.61

46/4.88

48/4.72

5o/4.87

53/4.78

54/4.52

55/4.20

57/3.51
59/3,22

61/2.97
63/2.81

3/5.13
9/4.51

11/_.. 15

38/2.73

46/3.10

_8/3.3o
50/2.86

53/2.53

54/2.26

55/2.02

57/1.65

59/1.51

61/1.38
63/1.42

*Table values are station code/heat flux; values of heat flux are in Btu/in.2-see.
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TABLE VII

(C ont inue d)

TEST NUMBER

61 62 63 6/, 65 66 67 69 70

r-4

o

3/_.86

9/5.15
11/5.26

38/_. 93

_6/6.17

z_8/6.02

50/6.25

53/6.67

5_/6.81

55/5.81

57/5.11

59/h_.hO

61/,,.31
63/3.90

3/4°06

9/_.75

ll/Z_. 62

38/_. 7o

_6/5.95
z_8/6.27

5O/5.77

_3/6.27
5_/5.98

55/5.59
57/_.69
59/_,. 28

61/3.91

63/3.77

3/3.59

9/3.96

ll/Z_.08

38/_. oh

_6/4.82

_8/5.3_

5o/_.71

53/_, 18

5_/3.83
55/3.6_
57/2.87

59/2.81

61/2.53

63/2._9

3/3.06

9/3.33
11/3. _3

38/3.36

_6/3.82

z_8/g.72

50/3.95

53/3.19
5z_/2.83

55/2.53
57/2.0_

59/1.88

61/1.72

63/1.72

4_

r-4

0

68

3/3.38
9/3.99

ii/3.92

38/_. 23

z,8/_.32

5o/P,. 16

53/3,89

5_/3._

55/3.18
57/2,59

O

59/2._2

61/2.11

63/2.11

3/3.6,,
9/3.99

11/4.08

38/_.8_

_6/_.97

h:s/z_. 95

50/h:. 89

53/3.90

5',/3.83

55/3.21
57/2.76

59/2._8

61/2.39

63/2.39

7

3/3.17 3/3
9/z_. 08 9/z_

11/3.38 n/a
38/3.9,_ 38/,_
_6/_._o _6/_

_8/_. lO _8/_
5o/_.Ol 5o/_

53/3.70 53/6

5_/3.17 5_/_
55/3.08 55/_
57/2.2h_ 57/2

59/2.39 59/_
61/1.89 61/I

63/2.28 63/_

_Table values are station code/heat flux; values of heat flux are in Btu/in.2-see.



_5

L7

L2

32

_2

28

11

_-5

_6

3_

B2

97

72 73 7_ 75 76 77 78 79 80

3/3.57
9/3.87

Ii/4.1_

38/h.62

_6/_.95

48/_.76

5o/_.58

53A.12
5_/3.6_
55/3.19
57/2.63
59/2._2

61/2.o_

65/2.26

3/2.80

9/2.83

11/3.21

3s/3.79
_6/_.23

&8/_.91

5o/3.9_

3/2.87
9/2.97

lz/3.21

38/3.23
_6/_. 25

_8/3.88

50/4.16

3/2.88

9/2.95

11/3.27

3s/3.55
46/4.54

_8/4.54

5o/_.2o

3/2.78

9/3.22

11/3.32

38/3.37
46/4.39

_8/3.98

5o/_.o8

3/2.8_

9/2.90

11/3.39

38/3.76
_6/_.87

_8/_.12

5o/_.53

3/3.46
9/3.85

n/_.23

38/_.74

_6/6.36

_8/5.33

50/6.02

cd

o

53/3.82

54/3.J_3
55/2.95

57/2.19
59/2.10

61/1.61

63/1.78

53/3.71

5_/3.45
55/2.9o

57/2.32

59/2.01

61/1.7o
63/1.67

53/3.30
54/'3.18

55/2.55

57/2.25

59/1.82

61/2.Ol

63/1.61

53/3.24
5_/3_18

55/2.59

57/2.35

59/1.83

6i/i.8i

63/i.5i

53/3.32
5_/3._i

55/2.56

57/2.36

59/1.8o

6i/i.83

63/i._

53/_.55
5_/5.3_

55/3.8i

57/4.13

59/2.83

61/3.55

63/2.47

3/i.62

9/i.58

11/1.84

38/2.04
_6/2.31

z,8/2.61

50/2. i6

53/1.93
54/i. 68

55/i.54

57/i. i8

59/1.o9
61/o. 85

63/0.86

90



81 82 83 84 85 86 87 88 89

58/1.80

46/2.37

48/436

5o/2.81

53/24_

54/2 17

55/1 79

57/0 95

59/0 66

61/o,99

63/0 62

3/2.71

18/2.47

44/2.77

66/2.60

68/2,71

69/3_79

70/360

71/3 29

72/284

73/2.57

74/2.10

75/192

76/1.52

77/1.52

78/1.49

3/2.88

18/2.73

_4/364

66/3.24

68/2.81

69/3.72

70.3.4_

71/3 25

72/2.70

73/2.42

74/2.17

75/1.72

76/1.65

77/1._9

78/1.63

3/3.32

18/3.29

44/3.93

66/3.35

68/2.72

69/3.46

70/3.32

71/3,13

72/2.69

73/2.37

74/2.17

75/1.75

76/1.76

77/1.7o

78/1.84

3/3.31

18/2.84

4_/3.17

66/3.63

68/4.2_

69/4.51

70/4.53

71/_,11

72/351

73/3.07

74/2.70

75/2.13

76/1.86

77/1.57

78/1.54

3/0.29

11/3.1o

29/2.15

45/3.37

47/3.81

49/_.43

51/_.12

52/6.44

56/6.0_

58/5.39

6O/4.92

62/4.45

64/2.13

65/3.35

67/1.26

3/2.17

11/2.86

29/3.10

45/4.87

_7/3o55

49/4.78

51/4.12

52/_.57

56/_.37

58/3.38

6o/3.7_

62/2.33

64/2.53

65/2.20

67/2.12

3/1.87

11/2.43

29/2.68

_5/4.48

47/4.32

49/4._1

51/3,67

52/_.5_

56/_.89

58/3.48

60/3.87

62/2.49

64/2.65

65/2.24

67/2.18

3/2.29

11/3.06

29/3.47

45/_.64

47/4.22

_9/4.79

51/4.16

52/_.86

56/_._9

58/_.18

60/3.55

62/3.ii

6_/2.60

65/2.78

67/2.36

*Table values are station code/heat flux; values of heat flux are in Btu/in.2-seeo



TABLE VII

(Continued)

TEST NUMBER

91 92 93 92, 95 96 97 98 99 lO09O

2.22

2.92

3.80

z,.95

z,. 68

5.11

'_. 57

_. 9_

5.23

3.58

'3.87 [

2.66

'2.60

'2._9

'2.27

0
z

6/2.89

15/3.76

19/5.18

22/3.82

26/2.8*,

27/5.20

31/2._,_

33/2.60

35/1.81

37/2. iz,

_o/1.61

6/3.13

15/3.85

19/3.67

22/3.98

26/3.52

27/3.62

31/3.03

33/2.73
35/2.35
37/2.39

&o/2.20

6/3.03
15/_.19

19/3._2

22/&.27

26/3.31

27/3.79

31/2.85

33/2.8_

35/2.13

37/2._5

_0/1.95

6/2.97

15/3.87

19/3._6

22/3.81

26/2.97

27/3.3_

31/2._5

33/2.55
35/1.80

37/2.06

_o/1.5_

i/7.32

1_/_.6_

16/_._1

20/&.59

23/5.35

25/5.37

32/_.8_

3_/_.38

36/_.o8

39/3.8o

_I/3.99

_2/3.8_

_3/3.97

1/7.62

1_/_,95

16/5.o3

2o/5.&3

23/5.93

25/5.63

32/5.76

3_/_.91

36/&.98

39/3.98

_1/_._3

h2/_.O0

_3/_.oo

1/3.32
I_/3.70

16/&.16

20/&.ll

23/_.67

25/_.73

32/_.6_

3_/_.09

36/3._1

39/2.65

_1/2.5o

_2/2.07

_3/2.23

1/8.81

1_/6.30

16/6.19

20/6.68

23/7.15

25/6.93

32/6.&7

3V5.65

36/5.32

39/_.18

_1/_31

_2/3.52

h3/3.72

1/3.30

1_/3.1o

16/2.62

20/3.35

23/3.60

25/_.i_

32/_.35

3_/3.82

36/3.30

39/2.52

&l/2.&l

_2/1.97

_3/2.19
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TABLEVII

(Concluded)

TESTN-UNdER

101 102 103 10_ 105 106 107 108 109

2/6.63
_/5.65
5/5.65
8/6.58

10/6.16

12/6.60

13/5.15

17/5.19

21/**.65

2**/**.90

28/**. 56

3o/a. 3**

2/2.89

_/2.31

5/3.**9
8/**. 39

10/5.91

12/6.83

13/6.71

17/6. O0

21/5.3o

2z,/**. 70

28/**. 68

30/**.00

2/7.18

**/7.2_

5/7.38
8/7.70

10/7.71

12/6.88

13/6.08

17/5.*.2

21/**._3

2.*/_.27

28/3.91

30/3.59

2/3.21
_/3.oo

5/3.65
8/5.09

10/5.99

12/6.87

13/6.5o

17/_.36

21/h.90

2&/5.06

28/_.3_

3o/_.38

2/2.98

**/2.8**

5/2.92

8/5.**5

Io/5.36

12/7.76

13/7.5.*

21/5.90

2h/3.h3

28/5.51

30/2.5**

3/2.51

7/2.39

11/2.92
38/2.99

_+6/3.*.9

**8/2.82

5o/3._5

53/2.5**

5&/2.63

55/2.19

57/2.01

59/1.7.*

61/i.75

63/2.99

3/2.83
7/2.68

li/3._3

38/3.11

**6/3.68

_8/2.09

50/3.73

53/2.67

5&/2.70

55/2.26

57/2.06

59/1.76

61/1.82

63/2.9&

3/2.77

7/2.63

11/3.27

38/3.07

_6/3.68

**8/3.50

5o/3.3_

53/2.9_

5_/2.69

55/2.50

57/2.07

59/2.03

61/1.91

63/3.39

3/2.

7/2.

ii/3.
38/2.

_6/2.

**8/2.

50/2.

53/2.
5**/2.

55/i.
57/1.
59/1.

6i/i.

63/2.

Ii0

79

55

15
q.a

79 m

91
r-4

77

66
0

3**

OZ,

98

62

55

36

57

_Table values are sLation code/heaL flux; values of heal flux are in B_u/in.2-sec.
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No

Sire

Injector Ch
Run Identification Pre

No. Numb er p

1 LD-1

2

5
_f

LD-2

5

5

7 LD-3

8

9

10

11

12 LD-3M

13

]5 P-I

16 i
i
i

17 I
I

18

19

20 P-2

21

22
i

23 I
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l'74dJid_ J-_

COMPARISON OF COMBUSTION STABILITY OF PENTAD AND LIKE DOUB_ INJECTORS

16

23

33

32

51

42

46

61

62

63

64

65

79

77

81

118

120

121

Injector

Imployed

Stagnation
Chamber

Pressure,

psia

,r

12)-3
I
I
i

i

LD-3-M
i

100.7

102.4

77.3

_8.6

150.6

i00.i

67.8

175.0

175.8

151.9

i01.2

71.8

153.5

100.5

t_8.8

15i.3

ioo. 9

t_7.2

Mixture

Ratio,

Wox/_f

Injector_P, psi

Oxidizer Fuel

Index of Stability

Nominal Peak-to-Peak (2)

Chamber Pressure

Oscillation as

Percentage of P
C

5.18 197

5.32 183

5.23 107

$.76 50

5.38 131

5.58 61

5.5_ 5_

5.33 77

5.57 7_

5.00 53

5.50 30

5.19 21

5.23 200

5.33 86

5.60 2_

_.99 6_

5.2_ 31

6.06 9

237

127

70

33

102

_6

_3

6i

6O

51

26

i9

22_

100

25

71

31

8

< I0

< i0

20

30 (U)

10

25

200 (u)
200 (u)
30
30(u)
30 (u)
30 (u)

< 10

<10

<10

< 10

< 10

(marginal)*

(1)Runs 62 through 65 were conducted with the acoustic absorber in the chamber

(2)U-denoted tests considered sufficiently unstable that meaningful performance

data were not obtained

*Intermittent bursts of high-frequency, high-amplitude pressure oscillations occurred



TABLE X

PREDICTED FUEL DROPSIZE VARIATION AS A

FUNCTION OF INJECTOR DESIGN AND

OPERATING CONDITIONS

(MR = 5.35; FLOX-80_ F2)

Injector
Numb er

LD-1

LD-2

LD-3

Nominal

Chamb er

Pressure, psia

100

100

50

100

150

20O

50

100

150

Contraction

Area Ratio

2:1

I
i

i,

_,:i

2:1

Fuel

Injection
Velocity,

ft/sec

122

122

61

122

183

122

108

72

36

Fuel

Orifice

Diameter,
inch

0.0200

_r

O. 0260

Predicted
Mean Fuel

Dropsize _

(D3o), 

75

75

86

75

72

107

98

83

78

*Vg determined using L* = 30 inches, Pc = 100 psia, ec = 2:1 data in
conjunction with modified Ingebo equation, vaporization rate limited
combustion model, and distribution data.
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TABLE XI

PREDICTED AND ACTUAL PERFORMANCE AT OPTIMUM MIXTURE RATIO FOR FLOX/LPG PROPELLANTS

AS A FUNCTION OF INJECTOR AND THRUST CHAMBER DESIGN AND 0PEPATING CONDITIONS

Injector
Numb er

LD-1

LD-2

LD-3
J

Propellant

Combination

(Oxidizer)

FLOX (80% F2)

(70%F2)

LF2

FLOX (80_ F2)

Nominal

Chamber

Pressure,

psia

i00

_r

200

200

50

15o

lOO

loo

50

lO0

150

lO0

150

Contraction D30

Area Ratio (see Table X )

2:1 75

_r

4:1

_:i

2:1

inch

30

3o

15

3o

6o

30

6o

3o

3o

15

15

107

107

86

72

74

79

98

83

78

83

78

Measured

Em, % Uc*,dist

98.2

95.6

96.1 98.7

96.9 98.2

96.2 99.2

9z*.3

9_. 1

93. o

9z_.3

95.9

9Z,o3

95.9

99.z_

99.&

97.z_

98.

98.9

98._

98.9

Uc*, yap

(Fig. 31 )

97.5

97.5

92.8

97.5

99.5

95.2

97.7

96.2

97.9

97.6

97.1

9z,. z,

96.9

97.2

9O. 6

92.0

_e*, pred*

95.7

93.2

91.6

96.2

98.2

92.0

96.z_

9z_.5

97.1

97.0

96.5

91o9

95.0

96.1

89°2

91.0

95.5

93.3

89.8

96.3

98° 1

95.1

96.8

9502

97.8

97.3

97.O

93.2

95. z_

96.z_

88.9

90.3

*'Uc*;pred = Uc*;dist x Uc*,vap
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Figure 1. The Effect of Dropsize on Characteristic Velocity Efficiency

(due to vap.grization) for Various Chamber Geometries
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Figure 2. Simplified Schematics of Thrust Chamser Geometries Considered for Combustion

Model Analysis (similar to actual design geometries for hot-fire experiments)
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Figure 5. The Effect of Dropsize on Characteristic Velocity Efficiency
(due to vaporization) for Various Chamber Pressures. The

Effect of Chamber Contraction Area Ratio is Also Sho_n.
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Figure 4. Effect of Chamber Pressure on Combusiion Gas Property Variation
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Figure 3. Effect of Propellant Dropsize on c* Efficiency(Due to
Vaporization) for Various Injected Mixture Ratios
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Efficiency (due to vaporization) for Various Initial

Propellant Dropsizes
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Predicted Effect of Nonuniform Distribution on Performance for Several Mixture Ratios.
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_IZER ORIFICE

FUEL ORIFICE

• • • " • • • DOUBLET ELEMENT
• ,= •

• 7_E3• 0 • •
e
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• •0 e e • •

• • •

Total Number of Elements = 112

(Element = Fan of Fuel and Oxidizer Doublets)

/ 60 °

SECTIONA-A ORB-B

Typical for Five Inner Rings
of Elements

(Outer Ring of Elements is Canted

15 Degrees Toward Axial Centerline of Injector)

Figure 9. Schematic Representation of Injector Face Pattern for Typical

Like-Doublet Injector (Differences Between Specific Injectors

are Noted in Table I ; Design Variables are Illustrated in

Fig. 10). Quarter Segment of Symmetrical Pattern Shown
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;IMULATED
OXIDIZER

o/_ = FAN INCLINATION ANGLE

S = FAN SPACING

= INTRA-ELEMENT SPACING

INJECTOR
FACE PLANE

Figure i0. Geometric Factors Affecting Propellant Distribution

for Like-Doublet Injector Elements
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Figure ii. Face View of Like Doublet Injector No. LD-I-M Showing Orifice Pattern.

Large Orifices, Oxidizer; Small Orifices, Fuel. (Photo taken after

experimental evaluation.)



OXIDIZER SIMULANT
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(TRICHLOROETHYLENE)
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(0 DEGREES"=;_ _ 40 DEGREE6 )

Figure 12. Typical Elemen_ in Model Self-Impinging Double_ Injectors
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FUEL ORIFICE

Figure 13. Schematic Representation of Face Pattern for Typical
Five-Element Model Injector
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Figure l&. Effect of Fan Inclination Angle on Propellant Mixing for

the Like-Doublet Injector Pattern
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on Propellant Nixing for the Like-Doublet Injector Pattern

III



%,,S ._.. ._.-

•{. -_. ,;.

FUEL ORIFICE

OXIDIZER ORIFICE

(PENTAD) ELEMENT

I • • • e •
+ : : e -

Total Number of Elements = 96

Fuel Injected Through Center Orifices

,A
- /

I

e =30 °

)'

\
%

SECTION A-A OR B-B

Typical for Five Inner Rings of Elements
(Outer Ring of Element is Canted 15 Degrees

. Toward Axial Centerline of Injector)

Figure 16. Schematic Representation of Typical Face Pattern

for Pentad Injectors° Quarter Segment of

Symmetrical Pattern sho_m
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_q

Figure 17. Face View of Pentad Injector No. P-2-M2 Showing Orifice Pattern.

Center Orifice of Element, Fuel; Outer Orifices, Oxidizer.

(Photo taken after experimental evaluation.)



Oxidizer Manifold

\ (R1D 2665)
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(RID 2666A) _k \ )_ \ (Three Circumferential
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Isolation Heat Transfer /
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(Three Circumferential r

Positions) Attachment Ring f __ _

Nozzle--/

Figure 18. Schematic Representation of Reference (L* = 30 Inches;

Uncooled Motor Used for Injector Optimization Studies
c = 2) Thermally Instrumented
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CHAMBER PARAMETER DIMENSION

DC I INCHES

D.r , INCHES

DE, INCHES

L I , INCHES

LZ, INCHES

L t , INCHES

LT , INCHES

(7 , DEGREES

,_ I DEGREES

AX, I NCHES

Ay, INCH ES

R , INCHES

Rc j INCHES

Ce

8.06

4.03

6.91

3.75

1.083

9. 403

15.308

15

60

0.80

1.0

1.0

4.03

2.94

'r

_CYLINDRICAL

PLIT-RING ACTACHMENT DEVICE(S)

I
I DT

Lt . - =-j 1

\
LT

CHAMBER SECTION

DE

Figure 20. Schematic Representation of Alternate Contraction Ratio (L _ = 50 Inches; _c = $)

Chamber Assembly Showing Segmented Design and Dimensions



5AA21-1/7/68-S1B

Figure 21. Photograph of 30-Inch L* Thrust Chamber Assembly Mounted on Thrust Stand
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Figure 28. Mass and Mixture Ratio Distribution Profiles for Spray From Like Doublet Injector LD-I
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APPENDIX A

CALCULATION OF CORRECTED c* EFFICIENCY

INTRODUCTION

The index of injector performance used in this experimental program was

corrected c* efficiency. This parameter was calculated by two independ-

ent methods, one based on measurement of chamber pressure and the other

on measurement of thrust. Details of the computational procedures and

of the corrections applied are given in this appendix. A numerical ex-

ample is included.

CALCULATIONS BASED ON CHAMBER PRESSURE

Characteristic velocity efficiency based on chamber pressure is defined

by the following equation:

where

(Pc)o (At)elf gc

(rTc./ .... (_rT) (c.)t,h,eo (A-l)
Pc\/

(Pc) o

(At)el f

gc

WT =

(c*)the o =

= stagnation pressure at the throat, psia

2
= effective thermodynamic throat area, in.

: conversion factor (32.i7 ibm-ft/lbf-sec 2)

total propellant weight flowrate, lbm/sec

theoretical characteristic velocity based on shifting

equilibrium, ft/sec

Values calculated from Eq. A-1 are referred to as "corrected" c* effici-

encies, because the factors involved are not measured directly, but are

obtained by application of suitable corrections to measured parameters.

Thus, stagnation pressure at the throat was obtained from measured static

A-1



pressure near the start of nozzle convergence by assumption of isentropic

expansion; effective throat area was estimated from measured geometric

area by allowing for radius changes during firing and for nonunity dis-

charge coefficient; and chamber pressure was corrected to allow for energy

losses from the combustion gases to the chamber wall by heat transfer and

friction. Equation A-1 may therefore be written as follows:

P At gc f fTR fFR fillc p fDIs (A-2)
(_C*)p e - (_o + wf) (c*)theo

where

P
c

A t

o

_f

fp

fTR

fDIS

fFR

fHL

= measured static pressure near the start of nozzle

convergence, psia

2
= measured geometric throat area, in.

= oxidizer weight flowrate, lbm/sec

= fuel weight flowrate, lbm/sec

= factor correcting observed static pressure to throat

stagnation pressure

= factor correcting for change in throat radius during firing

= factor correcting throat area for effective discharge

coefficient

= factor correcting measured chamber pressure for frictional

drag of combustion gases at chamber wall

= factor correcting measured chamber pressure for heat

losses from combustion gases to chamber wall

Methods of estimation of the various correction factors are described

in the following paragraphs.
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Pressure Correction (fp)

Measured static pressure near the start of convergence was converted to

stagnation pressure at the throat by assumption of no combustion in the

nozzle and application of the isentropic flow equations.

For calculation of a "valid" performance value, care must be taken to

ensure measurement of a "valid" static chamber pressure near the start

of nozzle convergence. Experience gained on this and related programs

(Ref. A-I) at Rocketdyne indicate that a definite increase in static

pressure can occur near the start of convergence. This increase in pres-

sure appears to be caused by the subsonic decelerating effects associated

with the turning of the combustion gases by the converging walls prior

to acceleration in the nozzle. The magnitude of this increase is depend-

ent upon the geometric configuration of the nozzle. Measurement of the

static chamber pressure must be taken sufficiently upstream of the start

of convergence so that its value is not affected by the subsonic deceler-

ating effects discussed above. Furthermore, chamber pressure must be

measured where combustion is nearly complete. During this program, pro-

cedures were followed which accounted for these effects and, thereby,

produced valid static pressure measurements for calculation of perform-

ance. These procedures are discussed in the following paragraphs.

To ensure that the proper static pressure measurement was being employed

for calculation of performance, the hot-firing static pressure profile

along the wall of the combustion chamber was determined. Static pressure

taps were located axially along the combustion chamber wall so that the

pressure profile in the region near the start of convergence would be

well-defined. The combustion chamber geometry and axial location of the

chamber pressure taps are noted in the upper portion of Fig. A-1 for the

reference (L* = 30 inches; _c = 2) chamber configuration.
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The static pressure profile for a typical (representative) hot-fire test

is shown in the bottom portion of Fig. A-1. All pressure are referenced

to the stagnation pressure at Position No. 5 (_ 0.75-inch upstream of

the start of convergence). The region of rapidly decreasing pressure

represents the region where the majority of combustion is occurring.

Reasons for the increase in pressure near the start of convergence were

discussed above. To obtain a valid static pressure for calculation of

performance, the static pressure corresponding to that measured atpres-

sure tap 5 was used. This tap is located approximately 1 inch prior to

start of convergence.

Static pressure was measured 1/2 inch before the start of convergence in

the 4:1 contraction ratio chambers. This should result in valid static

chamber pressure measurements (for calculation of performance) for the

subject chamber configurations because of the low chamber gas velocity

associated with these chambers.

The values of fp, the stagnation-to-static pressure ratios, were esti-

mated to be 1.058 and 1.013 for the 2-to-1 and _-to-1 contraction ratio

chambers_ respectively. Variations in the shifting-equilibrium specific

heat ratio were minor over the range of test conditions (chamber pressure_

mixture ratio, and percent F 2 in FL0X) employed. These same correction

factors (fp = 1.058 for _c = 2 and 1.013 for _c = _) were therefore con-

sidered applicable over the entire test matrix.

Throat Radius Correction (fTR)

Temperature gradients produced in an uncooled nozzle wall by radiative

and convective heat transfer from the hot combustion gases result in

thermal stresses which can affect the throat radius. Consequently, the

geometric throat diameter measured in an ambient-temperature nozzle is

not necessarily the same as that which exists during firing. Further-

more, throat diameter during firing will be a function of time, as well

as of the physical properties of the throat material, the tenperature

and pressure of the combustion gases, and the nozzle geometry (i.e., wall

thickness, etc.).

A-_
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A Rocketdyne computer program is available which estimates the change in

throat radius as a function of time (Ref. A-2). This computation is

based on numerical integration of the transient thermal stress equation

for a hollow cylinder (Ref. A-5). A cubic temperature distribution is

assumed in the wall, plastic as well as elastic strain in the material

is considered, and allowance is made for stress caused by combustion gas

pressure. Convective film coefficients at the throat based on the Bartz

(Ref. A-_) method of calculation and gas temperatures based on 97-percent

combustion efficiency were used for program input.

Results of the calculations are presented in Fig. A-2, which indicates

the change in geometric throat area as a function of firing duration

The upper portion of the figure presents results for the _:I contraction

ratio nozzle. Results for the 2:1 contraction ratio nozzle are presented

in the bottom portion of the figure. Differences in the values at each

of the three nominal chamber pressures (lower portion of Fig. A-2) are

not primarily due to pressure effects as such, which are minor, but

rather to the corresponding variations in convective film coefficients.

For all cases, the throat area change is minor over the time interval of

interest. Performance was calculated at approximately 1.5 to 2.0 seconds

into the test.

Throat Discharge Coefficient (fDiS)

The discharge coefficient is defined as the ratio of actual flowrate

through the throat to the theoretical maximum based on geometric throat

area and ideal, uniform, one-dimensional flow with no boundary layer.

Values of the discharge coefficient may be estimated either analytically

or from correlations of the results of experimental studies of gas flow

through nozzles. Its value is quite sensitive to the ratio of the up-

stream wall radius of curvature at the throat-to-the throat radius

(Rc/Rt) for values of Rc/at< 1.0. In the present program, ac/R t was

large (2:1), so that the discharge coefficient could be well-defined by

either of the two methods.
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In a recent investigation (Ref. h-5) at Rocketdyne, a critical review

of available analytical and experimental techniques/results for estima-

tion of fDIS was conducted. Correlations were developed to define the

throat discharge coefficient as functions of Rc/R t and throat Reynolds

number. For the nozzles and test conditions employed during this pro-

gram the value of fDIS is 0.995.

Frictional Drag Correction (fFR)

Calculation of c* efficiency based on chamber pressure is concerned with

chamber phenomena up to the nozzle throat. Drag forces to this point are

generally small. For the present application, measured chamber pressure

should be, and was, corrected for frictional losses only from the injec-

tor to the point where the chamber pressure was measured. Details of

the method of estimation of fFR are presented below. This discussion

is general and applies to frictional losses for performance based on

thrust as well as chamber pressure. Differences between the values of

frictional losses for thrust and chamber pressure calculated performance

are associated with the different regions over which the frictional losses

are integrated.

This factor (fFR) corrects for the energy losses caused by drag forces

resulting from the viscous action of the combustion gases on the thrust

chamber walls. Its magnitude, which is the integral of the local fric-

tion forces over the chamber inside wall, was estimated by a boundary

layer analysis utilizing the integral momentum equation for turbulent

flow. This analysis accounts for boundary layer effects from the injector

to the nozzle exit by suitable description of the boundary layer profile

and local skin friction coefficient. A computer program was used to

carry out a numerical integration of the equation, including effects of

pressure gradient, heat transfer, and surface roughness. The program

required a potential core solution of the nozzle flow which was obtained

from the variable-property, axisymmetric method of characteristics cal-

culation of the flow field outside the boundary layer; corresponding

properties for the subsonic combustion chamber flow field were also

calculated.
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The computed value of fFR in the reference (L* = 30 inches; [c = 2)

chamber was 1.00_ at the design operating conditions (Pc = 100 psia;

MR = optimum = 5.33). Frictional losses for the other chamber configur-

ations are presented in Fig. A-3. The fFR at design operating conditions

is plotted as a function of chamber L* for both contraction ratio chambers

in this figure.

Operating mixture ratio and chamber pressure effects on fFR are presented

in Fig. A-_. As is noted in Part B of this figure, fFR is essentially

independent of mixture ratio over the range of interest (3 to 7). In

Part A of Fig. A-_, fFR is plotted as a function of chamber pressure

(L* = 30 inches; MR = 5.33). Frictional losses decrease slightly with

increasing chamber pressure.

These same frictional losses were employed for the tests conducted with

FLOX (70 percent F2) and LF 2.

Heat Loss Correction (fHL)

Heat transfer from the combustion gases to the walls of an uncooled thrust

chamber results in loss of enthalpy and thus decreases chamber pressure

and thrust. This enthalpy loss is substantially reduced in an ablative

chamber and is effectively recovered in a chamber cooled regeneratively

by one of the propellants_ whose initial enthalpy is raised by the heat

absorbed. To obtain a true indication of performance efficiency in an

uncooled chamber, measured chamber pressure must be corrected by a factor

which accounts for heat loss to the walls. Heat transfer to the injector

was neglected in this correction because the injector surface area was

small relative to that of the chamber and because a major portion of

injector heat flux is absorbed by the injected propellants.
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Using the following equation, fHL was estimated:

fHL = t/'j L measJ I.WmCpmTcJ/
(A-3)

whe re

C'the o theoretical characteristic velocity at test conditions,

based on full shifting equilibrium

c*
me as

Z:(q/A)A

c

_m

T
c

= measured characteristic velocity, corrected for the
previously discussed losses.

= observed heat loss to chamber walls

= total propellant flowrate

= mean specific heat of combustion chamber gases at test
conditions

= theoretical combustion gas temperature at test conditions

_le basis for use of this equation is presented in Ref. A-6 and A-7.

Total heat loss to the chamber walls_ in Btu/lb of propellant, was

obtained by summation of measured heat fluxes over the appropriate areas:

Heat loss = ._(q/A)A (A-_)

_T

where

q/A =

A =

experimentally observed heat flux

area applicable to each q/A value

total propellant flowrate

0nly heat losses to the chamber wall between the injector and the chamber

pressure tap employed for calculation of performance based on chamber

pressure are included in Eq. A-3 or A-_.
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A Rocketdyne computer program was used to calculate fHL from measured

heat flux values. In the reference chamber, at design operating condi-

tions, the value of fHL was approximately 1.013 for the optimized like-

doublet injector. Its value was relatively independent of operating

chamber pressure and mixture ratio.

CALCULATIONS BkSED ON THRUST

An alternate determination of corrected c* efficiency is based upon the

following defining equation:

Fvac gc

(_c*)F = '('CF)'vac '_T (c*)'th'e'o (A-5)

whe re

F
vac

F

P
a

A
e

gc

(CF)va c

_rT

o

= measured thrust corrected to vacuum conditions by the

=F+PA,lbfequation: Fva c a e

= measured thrust, lbf

= ambient pressure, psia

2
= area of nozzle exit, in.

= conversion factor (32.17_ lbm-ft/lbf-sec 2)

= theoretical shifting thrust coefficient (vacuum)

= total propellant flowrate, Ibm/sec

= theoretical shifting-equilibrium characteristic velocity,

ft/sec

Corrected values of vacuum thrust may be obtained by application of suit-

able corrections to measurements of thrust made at sea level. With these

values, which include allowances for all important departures from ideality,

theoretical thrust coefficients may be used for calculation of c*. That

is, CFcoefficient is I00 percent if there is no combustion in the nozzle,

if chemical equilibrium is maintained in the nozzle expansion process,

and if energy losses from the combustion gases are taken into account.
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Applicable corrections to measured thrust are specified in the following

e quati on:

(F + PaAe ) gc _FR _DIV _HL (A-6)

(rlc*)F = (C'F)vac (@o + wf) (c'*)'theo

whe re

(CF)vac

o

_f

= theoretical shifting thrust coefficient (vacuum)

= oxidizer weight flowrate, lbm/sec

= fuel weight flowrate, lbm/sec

= correction for frictional losses

= correction for nozzle divergence

= correction for heat losses to chamber and nozzle walls

The correction factors in Eq. A-6 were applied to vacuum thrust (F + PaAe )

instead of to measured site thrust (F) because, for convenience, the cor-

rection factors were calculated as changes in efficiency based on theo-

retical vacuum parameters, so that the total correction was of the form

A F/Fva c .

Although they do not appear explicitly in Eq. A-6, corrections to geo-

metric throat area and to measured static chamber pressure at start of

nozzle convergence are implicit in the use of theoretical CF values.

Thus, calculation of corrected c* efficiency from thrust measurement

includes all the corrections described above for calculations from cham-

ber pressure measurement plus an additional one to account for nonparallel

nozzle exit flow. However, because (CF)va c is essentially independent

of the very small changes in chamber pressure and contraction ratio which

are involved in corrections to Pc and At, these corrections are of no

practical significance in calculation of c* from thrust measurements.
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Corrections for Frictional Drag (_FR)

The basis for and method of calculation of this factor were discussed

under calculation of performance based on chamber pressure.

The computed value of _FR in the reference chamber was 1.012 at the

design operating conditions. Frictional losses for the other chamber

configurations are presented in Fig. A-3. The effects of mixture ratio

and chamber pressure on _FR are presented in Fig. h-_.

Correction for Nozzle Divergence (_DIV)

The one-dimensional theoretical performance calculations assume that

flow at the nozzle exit is uniform and parallel to the nozzle axis. The

correction factor, _DIV' allows for nozzle divergence (i.e., for nonaxial

flow) and for nonuniformity across the nozzle exit plane. It was calcu-

lated by a computer program which utilized the axisymmetric method of

characteristics for a variable-property gas.

The geometric efficiency was essentially independent of chamber pressure

and mixture ratio for the entire test matrix. Its value, _DIV = 1.018,

was identical for both contraction ratio nozzles.

Correction for Heat Losses (_ItL)

Heat loss correction factors for performance calculated from measured

thrust are similar to those for performance calculated from chamber pres-

sure, except that heat fluxes in the nozzle are included in the calcula-

tions. Thus, Eq. A-3 and A-_ were employed with the measured heat flux

summed from the injector to nozzle exit.

A Rocketdyne computer program was used to calculate _HL from the measured

heat flux values. In the reference chamber, at design operating condi-

tions, the value of _I_ was approximately 1.025. Its value was relatively

independent of operating pressure and mixture ratio.
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NUMERICAL EXAMPLE

The method of performance data reduction and correction are illustrated

by the following numerical example. This example is typical of all tests.

Data from test No. 77 are analyzed in this example. The subject test was

conducted in the reference chamber (L* = 30 inches; _c = 2) at nominal

design operating conditions (P = 100 psia; mixture ratio = 5.33 = optimum;
e

FLOX (80-percent F2)/LPG). Pertinent steady-state raw data (static chamber

pressure, propellant flowrates, measured thrust) from this test are presented

in Table A-I. Figure A-5 presents the chamber heat flux characteristics

and pressure profile for the subject test. CRT printouts of the pertinent

parameters (as a function of time) were used %o determine when steady-state

had been achieved. Beckman traces of static chamber press_re_ measured

thrust, oxidizer flowrate, and fuel flowrate for test No. 77 are shown in

Fig. A-6 through A-9. The data slice interval for calculation of performance

is noted. Steady-state performance was determined at approximately 2.0

seconds into the 2.3 second test. These traces are representative of the

hot-fire tests conducted during the program. Beckman data were used for

calculation of performance values.

TABLE A-I

DATA FROM TEST NO. 77

Parameter Numerical Value of Parameter

Static Chamber Pressure 1

Oxidizer Flowrate 2

Fuel Flowrate 2

Measured Thrust

Dt/At3

Mixture Ratio

C_heo

(81._2 + 80.95 + 81._2)/3 = 81.26 psig = 9_.96 psia

(10.532 + 10.399)/2 = i0._66 ibm/sec

(1.962 + 1.961)/2 = 1.962 ibm/sec

2877.0 ibf

2
3.705 ino/25.562 in.

3.33

6918.6 ft/sec

1Average value of the static chamber pressure measured at three circum-

ferential locations (120 degrees apart) at Position No. 7 (see Fig. A-I).

2Value is average of two flowmeters in series.

3Measured with hardware at ambient temperature (_ 70 F).
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Performance Based on Chamber Pressure

Corrected c* efficiency based on chamber pressure measurement was cal-

culated using Eqo A-2. Values of the measured parameters (Wo' wf' and At)

and the theoretical c* used in Eq. A-2 are shown in Table A-1. As was noted

on page A-_, to obtain a valid static chamber pressure measurement for cal-

culation of performance, the static pressure corresponding to that measured

at Position No. 5 (Fig. A-l) should be used. For most tests conducted in

the 2:1 contraction ratio chambers, static chamber pressure was measured

at only one axial position. (Position No. 7 at three circumfeential loca-

tions 120 degrees apart). This value was converted to the static pressure

corresponding to Position No. 5 as follows:

(Pc)Position No. 5 = static chamber pressure to be used in Eq. A-2

= measured static pressure at Position No. 7 times

the ratio of the static pressures at Positions 5
and T. This ratio is 0.99 for the 2:1 contraction

ratio chambers (see Fig. A-1 or A-5).

The static chamber pressure measured 1/2-inch from the start of nozzle con-

vergence was used for calculation of performance in the _:1 contraction

ratio chambers.

Methods of estimation of the various connection factors in Eq. A-2 were

outlined previously. Estimation of these correction factors for test No.

77 is described in the following paragraphs.

Pressure Correction (fp). Measured static pressure was converted to stagna-

tion pressure at the throat by assumption of no combustion in the nozzle

and application of the isentropic flow equations. The value of fp, the

stagnation-to-static pressure ratio, was estimated to be 1.058 for the

2:1 contraction ratio chambers.

Throat Radius Connection (fTR). Throat area changes were minor over the

time interval of interest. The value of the fTRwas obtained from Fig. A-2.
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For the subject configuration/operating conditions (_c = 2:1; Pc

fTRwas estimated to be 1.002.

= 100 psia),

Throat Discharge Coefficient (fDis). For all experiments, the throat

discharge coefficient was estimated to be 0.995.

Frictional Drag Correction (fFR). Frictional losses were estimated from

Fig° A-3 and A-4. For the subject test conditions, f_ was estimated to

be 1.004.

Heat Loss Correction (filL). The heat loss correction was estimated from

the measured performance and observed chamber heat flux values by use of

Eq. A-3° Terms in Eq. A-3 were calculated and defined as follows:

C*theo = theoretical characteristic velocity at test conditions
(based on full shifting equilibrium) = 6918.6 ft/sec

C*
meas

= measured characteristic velocity (corrected for the previously

P f At gc FTR fDis fFR
determined losses) - c p

_t

= 6588.5 ft/sec

T = 7566 a
c

C = 0.420 Btu/lbm R
Pm

_T = 12.428 lbm/sec

(q/A) (A) = heat losses ¢o the chamber wall between the injector

face and the Pc tap upon which performance is based

(i.e., between the injector face and Pc tap Position
No. 5 which is ll-inches from the injector face).

= 884.9 Btu/sec

Heat losses to the chamber wall were calculated by dividing its inside

surface area into segments (regions) of relatively constant heat flux

and then summing the products of these surface areas times their respective

average heat values. Table A-2 presents a tabulation of the regions into
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which the chamber was divided for calculation of chamber heat losses.

Average heat flux values (determined from Fig. A-5) and heat losses for

each region are also presented in this table for test No. 77. The sum

of the chamber heat losses between the injector face and P tap upon which
c

performance was based was 884.9 Btu/sec (i.e., the sum of the heat losses

in the first four chamber heat flux regions).

The heat loss correction factor, filL' for this test is calculated below.

2 1/2

filL = 1 + C*meas| C T
Pm c

1/2

fill = 1 + L 6588.5 12.428 x o.42o x 7566

fttL = _/1.025 = 1.012

Corrected c* efficiency (based on chamber pressure) for the test was 96.4

percent.

Equation A-2 with the appropriate numerical values shown is presented

below for test No. 77:

C

P Atgc f %Isf c p

(Wo + _) (c*)theo

(_c.)p
c

(94.96 x 0.99)(25.562)(32.174)(1.058)(1.002)(0.995)(1.004)(1.012)
= (10.466 + 1.962)(6918.6)

(_c.)p = 96.4
c
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Performance Based on Thrust

Corrected c* efficiency based on thrust measurement was calculated using

Eqo A-6o Initially, vacuum thrust was calculated from the measured thrust,

ambient pressure, and nozzle exit area as follows:

F = F + P h = 2877.0 + (13.7) (_7.15) = 3523.0 lbf
vac meas a e

This was necessary because the corrections to be applied were calculated

as changes in efficiency based on theoretical vacuum parameters.

Methods of estimation for the correction factors to be applied to the

vacuum thrust in the calculation of c* efficiency were presented previously.

Estimation of the values used for test No. 77 are described below in the

following paragraphs.

Corrections for Fractional Drag (_FR). Frictional losses were estimated

from Fig. A- 3 and A-4. For the subject test conditions, _gRwas estimated

to be 1.012.

Nozzle Divergence Correction (_div). For all experiments, the nozzle

divergence losses were estimated to be 1.8 percent (i.e., _div = 1.018).

Heat Loss Correction (¢HI). As was the case for the heat loss correction

factor for performance based on chamber pressure, (fHL), the heat loss

correction factor was estimated using Eq. A-3. For this case, however,

the measured c* is based on thrust and total chamber heat losses are

employed (i.e., heat losses are summed from injector face to nozzle exit).

Terms in Eq, A-3 were calculated and defined as follows:

c*
tneo

T
c

C

Pm

= 6918.6 ft/sec

= 7566 R

= 0._20 Btu/lbm R
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WT = 12.428 lbm/sec

(CF)va c = 1.446
Fvac gc _m _Viv

c*

meas = (CF)vac @T

3523.0 x _2.174 x 1.012 x 1.018
= 1.446 x 12.428

= 6496.4 ft/sec

_(q/A)(A)= heat losses to the chamber wall between the injector
face and nozzle exit.

= 1474 Btu/sec (see Table A-2)

The heat loss correction factor, gEL' was calculated as follows:

"JlC e°:[OC ]tlj2I (q/:)(A)Pro c

[ 1474 111/2
12.428 x 0.420 x 75661]

= _.044 = 1.022

Corrected c* efficiency (based on thrust) for this test was 96.0 percent.

Equation A-6 with the appropriate numerical values shown is presented

below for test No. 77:

(F + PaAe ) go 9(FR _Div _HL

(rlc.)F = (CF)va c (w o + @f) (c*)theo

(35_3.0) (32,17_) (1.012)(1.018)(1.022)
0?c*)F = (1.446)(i0.4_6 + 1.962)(6918.6)

(Oc.)F = 96.0
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APPENDIX B

INTRODUCTION

PERFORMANCE DATA MEASVREMENT ERROR ANALYSIS

Because it is not possible to measure the true value of any physical prop-

erty or parameter, the error limits, or uncertainty interval, associated

with any experimental measurement should be specified, It is the purpose

of this appendix to indicate the reliability of the experimental results

of this program by estimation of the errors inherent in the data acquisi-

tion processes and/or in the calculation procedures. This will permit

determination of the range within which, at a given confidence level, the

true values of the measured or calculated parameters may be expected to

fall.

If error is defined as departure of an experimental measurement from the

"true" value, its magnitude can never be completely known; if it were

known, it would become a correction which could be systematically applied.

Hence, error limits can only be stated within probability limits. Per-

formance data (c* efficiency) precision was estimated by two separate

methods; one based on static calibration of the individual transducers,

and the other based on analysis of repeated firings of the rocket engine.

In the present application, the data precision analysis based onstatic

calibration of the individual transducers was made by an error analysis

procedure which consisted of the following steps:

I. Estimation of the uncertainty intervals of the individual trans-

ducers, including the measuring systems in which they were used.

2. Combination of the uncertainty intervals of duplicate or redundant

sensors into an uncertainty interval for the measurement.
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Combination of the uncertainty intervals of several measurements

(e.g., flowmeter frequency and propellant density) into an un-

certainty interval for the parameter they determine (e.g., flowrate).

Combination of the uncertainty intervals of the parameters (e.g.,

chamber pressure, flowrate, and throat area) entering into calcu-

lation 0f the value of the desired variable (e.g., characteristic

velocity efficiency) to estimate the uncertainty interval of the

calculated result.

As noted above, the second method used to estimate the uncertainty (con-

fidence) interval associated with the experimental determination of charac-

teristic velocity efficiency was by analysis of data from repeated firings

of the rocket motor. For this case, the test data were analyzed as a com-

pletely randomized design, by use of the analysis of variance technique.

Two types of error are possible in any measurement:

1. Systematic Errors, These are associated with the particular

system, withthe experimental techniques employed, or with the

calibration procedures. They cannot be estimated by statistical

methods, and are minimized primarily by careful calibration

with the best available standards, by requirements for consis-

tency and traceability of the experimental and calibration tech-

niques, and by critical examination of experimental data.

2. Random Errors. These arise from unpredictable and unknown vari-

ations in the experimental situation and are generally assumed

to follow a normal distribution to permit simple statistical

analysis. Error analysis is concerned only with random errors

and implicitly assumes that systematic errors can be eliminated

in a carefully conducted experimental program.
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SENSOR PRECISION

A measurement analysis program (Random Walk measurement analysis program)

is employed at Rocketdyne which uses transducer calibrations to provide

appropriate factors for test data reduction. In addition, statistical

histories for each transducer are developed so that estimates of short-

term and long-term deviations can be made and probably error bands calcu-

lated. This program is discussed in detail in Appendix C.

The precision of a measurement obtained as the output of a physical instru-

ment or sensor is a quantitative estimate of the uncertainty associated

with that measurement. (By sensor is meant not only the transducer itself

but the complete system which converts the transducer signal to a numeri-

cal value of its physical parameter analog.) This estimate is made by

statistical analysis of the outputs of the sensor when repeatedly acted

upon by known inputs. The known inputs, of course, have uncertainty limits

of their own, but for practical purposes it is assumed that they are accu-

rate (i.e., identical to true values) within the limits required by the

experimental situation. Ultimately, these inputs must be directly trace-

able to established standards, such as those of the National Bureau of

Standards.

When a sensor is calibrated against known inputs, precision may be con-

sidered as the certification of an error band within the calibrated in-

terval and within a given confidence level. Thus, it provides a measure

of "closeness to truth" of the reduced data. Precision may be numerically

expressed as the standard deviation of a measurement, which has the same

units as the measurement itself, or as the coefficient of variation (Cv) ,

which permits valid comparisons between measurements in different units.

It also permits valid comparisons to be made between large and small things.

Coefficient of variation (Cv) is the standard deviation (a) expressed as

a percentage of the mean, thus making it dimensionless:

C e (1t-1)v = _ lOO
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where

o =

=

C =
v

the standard deviation

sample mean value

coefficient of variation

Pressure

The coefficients of variation of the pressure transducers were obtained

by application of the Random Walk measurement analysis program to the

calibration data. Chamber pressure values ranged from 0.25 to 0.53 per-

cent for static calibrations made on a pressure manifold mounted on the

thrust stand.

For all tests, redundant sensors were used to measure the chamber pres_

sure. Two or _aree independent transducers were used to measure this

important parameter in order to increase the measurement reliability.

Other errors in pressure measurement may arise in addition to the random

statistical uncertainty limits. In measurement of chamber pressure through

a drilled wall tap, as herein, erroneous valuesof stream pressure may be

indicated because of the effect of the hole itself upon the flow. Esti-

mated magnitudes of this error, which is a function of stream velocity,

were based on experimental data obtained with water and gas (Ref. B-I).

For the experimental situation herein, these errors are insignificant.

Coupling errors, arising from effects of the tubing joining the pressure

taps to the transducers were also insignificant in the present series of

experiments (Ref. B-2). As was noted in Appendix A, the location of the

pressure tap from which combustion chamber throat stagnation pressure

(or performance) is calculated is quite critical. Procedures were followed

(Appendix A) to ensure that the proper static pressure measurement was

employed. Thus, this source of error is assumed to be insignificant.
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Thrust

Values of coefficient of variation obtained by application of the Random

Walk measurement analysis program to thrust calibrations were in the 0.23-

to 0.35-percent range. A possible source of error in thrust measurement

arose from the necessity of taking system prerun zeros with the same degree

of propellant line chill as existed during the firings. The procedure for

doing this is described in Appendix D. On the basis of thrust calibrations

made with chilled and unchilled propellant lines, the above C values
v

should be applicable. The coefficient of variation increase due to line

chill variations between tests should (and is assumed to) be negligible.

Throat Area

Geometric throat diameter was measured with an expansion micrometer by

at least two observers prior to, and following, each days firings. The

maximum coefficient of variation of the calculated areas was 0.42 percent.

As was noted in Appendix A, throat area variation during firing was small°

Volumetric Flowrate

The coefficients of variation of the turbine flowmeters used to measure

the propellant flowrates were determined from flow-bench calibration

data. Each meter was calibrated prior to the start, and at the end, of

the program. The meters were calibrated in both Freon 113 and water.

Redundant (two) flowmeters, in series, were placed in each propellant

line. C values for the oxidizer flowmeters were 0.05 and 0.02. C
V V

values for the fuel flowmeters were 0.03 and 0.01. Corrections for vis-

cosity and temperature differences between the calibration fluid and the

cryogenic propellants are discussed in Appendix D. In addition, however,

there are unpredictable water-to-cryogenic calibration shifts (Ref. B-3)

which introduce additional sources of error. The coefficient of variation

arising from this course is approximately 0.5 Percent (Ref. B-_).
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Temperature

The platinum resistance thermometers (Rosemount bulbs) were precision

calibrated by the manufacturer. These calibrations were checked by taking

several emf readings with the sensors immersed in LN 2 and in L0 2 at atmos-

pheric pressure; they were correct within the limits of readability. Root-

sum-square (RSS) error limits of these sensors based on specifications of

repeatability, insulation, time lag, friction heating, and interchange-

ability are approximately 0.1 percent (Ref. B-5). Voltage readout of the

transducers was adjusted to calibration values by means of a standard

decade resistance box with error limits of 0.2 percent.

COMBINED ERROR ESTIMATION

R_edundant Measurements

Redundant transducers were used to measure the most important parameters

in order to increase the measurement'reliability. The most probable value

of a redundant measurement is the weighted average. The variance of the
2

weighted mean value, a m , is given by the following equation:

n

1 1 i • 1 _-_ 1
"'" --ff (B-2)

o12 a22 a aam n i=l i

where

2
a = the variance of the weighted mean

m

th
a. 2 = the variance of the i measurement

l

Clearly, the Variance of a weighted mean is less than any of the individual

variances.
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Combined Measurements

When several measured variables are combined algebraically to yield an

experimental result, the standard deviation of the result, which takes

into account the propagation of the individual error, is given by the

following equation (Ref. B-6):

1+ (% + ... + (an) (B-3)

where

a = the standard deviation of the calculated result
R

XI, X2, ''_, X = measured variablesn

a =f (x1,x 2, ...,.Xn)

tr tr -.. a = standard deviations of X1, X2, "'', X1' 2' ' n n

respective ly

When the individual measurements are combined by addition, and are inde-

pendent, the standard deviation is given by (Ref. B-6):

a R =_a12 + 022

2 l-- --\+ .. +a (B-_,
n

DATA PRECIS ION

Static Calibration Precision Analysis

Characteristic velocity can be calculated by two methods, one based on

chamber pressure (Pc) measurement and one based on thrust (F) measure-

ment, as given below:

(Pc)Atgc
c* - o (B-5)

w t
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or

F gcroe

c* = (cF) wt
voc

(B-6)

where

c*

(Pc)
o

gc

w t

(C F)
va c

F
vOC

= characteri:stic velocity (calculated), ft/sec

= stagnation pressure at the throat, psia

2
= measured geometric throat area, in.

= conversion factor (32 17_ lbm-ft
• lbf_sec2J

= total propellant mass flowrate, lbm/sec

= theoretical shifting thrust coefficient (vacuum)

= measured thrust corrected to vacuum conditions by the

equation: F = F + P A , lbf
vac a e

F = measured thrust, lbf

P = ambient pressure, psia
a

2
A = area of nozzle exit, in.
e

It should be noted that these expressions yield uncorrected characteristic

velocity.

The standard deviation of the characteristic velocity based on both methods

of calculation can be determined by application of Equation (B-3) to. Equa-

tions (B-5) and (B-6). The standard deviation of the uncorrected charac-

teristic velocity (based on chamber pressure) is calculated as follows:
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The resulting expression for the standard deviation of the characteristic

velocity, based on thrust, is:

(%*)v = (or)
vac va [\(CF)vac wt2/

(B-8)

Substitution of numerical values into these expressions yield the result-

ing standard deviations. As far as random errors only are concerned, there

was no significant difference in the estimated standard deviations based

on chamber pressure or thrust. The standard deviation of the uncorrected

characteristic velocity was approximately 35 ft/sec. This corresponds to

a coefficient of variation of approximately 0.5 percent for the uncorrected

c _ efficiency. Therefore, the uncorrected c _ efficiencies determined in

the present program are estimated to have an error band of approximately

±l.O percent at the 95 percent (2a) confidence level.

Application of the corrections to measured uncorrected characteristic

velocities could cause an increase in the error associated with corrected

characteristic velocities. Assuming proper application of these correc-

tions, however, the resulting characteristic velocity efficiencies re-

ported herein are estimated to be within ±l.Opercent of the true value.

, for use in
Calculation of appropriate values for Opc OAt , and OFvac

Eq. B-7 and B-8 are straightforward. Estimation of a is more compli-
w t

cared and is therefore discussed briefly herein.

For each meter, the propellant mass flowrate (Wi) is a function of the

flowmeter frequency (fi) and the propellant density (pi):

W.1 : _b(fi' Pi) (B-9)
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In particular,

W. = f. P. (flowmeter constant)i (K)
1 1 1

(B-IO)

where

f. = flowmeter output frequency, cps
1

Pi = propellant density, lbm/ft 3

(flowmeter constant)i -= flowmeter constant, gal/cycle

K = conversion factor = (7-_) ft3/gal

Therefore, the standard deviation of each meters flowrate is given by

sl t2_wi i

% _Pi
(B-II)

a
W.

1
= [K (Pi)(flowmeter constant)i (afi)]2

[(fi) (flowmeter constant)i (O'Pi)K]2

+

Actually, flowrate is a function of flowmeter frequency and propellant

temperature (assuming no significant error in conversion of propellant

temperature to equivalent density). Thus, Eq. B-11 may be written as

follows:

O
W.

1
: [K(Pi) (flo_eter constant)i (_fi)] =+

I(fi) (flowmeterconstant)i(aT)i K]2

(B-12)
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Standard deviation is converted to coefficient of variation by use of

Eq. B-1. The standard deviation of each propellant flowrate is then

determined by application of Eq. B-2 to the redundant measurements.

The coefficient of variation of the total propellant flowrate may be

obtained from the coefficients of variation of its component parts by

use of the following equation:

I rz (Cv)2 ° + (Cv)2 f(Cv) t ..... (r + I)2

(B-13)

where

./,r = mixture ratio = w ° f

The standard deviation of the total propellant flowrate can then be ob-

tained from Eq. B-1.

Dynamic Precision Analysis

The estimates of expected standard deviations in characteristic velocity

calculated above are based on static calibrations of pressure/thrust sen-

sors, and hence may not be strictly applicable to the dynamic system repre-

sented by a firing rocket motor. It is generally assumed, however, that

such calibration data may be extended without significant change to dynamic

systems oscillating at very low frequencies and amplitudes and that steady-

state stable combustion is such a system.
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An indication of the possible magnitude of the uncertainty interval asso-

ciated with the experimental determination of characteristic velocity

efficiency may be obtained by analysis of repeated firings of a rocket

motor with the same set of transducers. If systematic errors are assumed

to be insignificant, variations from indicated "correct" values (i.e.,

those which are on the best curve through the experimental points) may

be ascribed to random errors and hence are subject to statistical analysis.

The usefulness of such an analysis is a direct function of the number of

data points used to obtain the correct or average values. With only three

or four data points available for determination of efficiency at a given

condition, statistical calculation of measurement reliability has no great

absolute value but may be used for comparisons with those estimated from

transducer calibrations.

During this program, many different test conditions were duplicated.

(Several were duplicated four times.) These test data were analyzed as

a completely randomized design (Ref. B-7) by use of the analysis of vari-

ance technique. (This is, perhaps, the most powerful and widely used

statistical technique.) On the basis of this analysis, the experimental

c* efficiencies determined in the present program are estimated to have

an error band of approximately ±1.0 percent at the 95 percent confidence

level.

SUMMARY

Both methods of estimation of the performance data precision indicate

that the experimental c* efficiencies determined in the present program

have an error band of approximately ±l.0percent at the 95 percent (2a)

confidence level. Of course, both of these estimates are based on the

assumption that the corrections applied to the uncorrected c* efficiencies

(Appendix A) are valid. Because good correlation (agreement) was obtained

between the independently calculated performance values (i.e., c* efficiency

based on P and F; Fig. 18), this assumption appears to be valid.
c
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APPENDIX C

RANDdq WALK MEASU_ENT ANALYSIS PROGRAM

INTRODUCTI ON

The primary purpose of a sensor measurement analysis program is to provide

a function which relates observed sensor outputs to estimates of corre-

sponding system inputs, together with quantitative indications of the

precision of this conversion. The function and the precision estimates

are established on the basis of sensor calibration history, that is,

upon a sequence of periodic calibrations of the sensor and its associated

measuring and recording system against known inputs.

Because calibrations must of necessity be made at a time differing from

the actual firing time by several hours to several days, the changes in

random sensor error with time must be established. In the Random Walk

measurement analysis program (Ref. C-l) this is accomplished by assuming

that the input-to-output ratio at a particular input level performs a

random wall; in time which has normal distribution and variance. It

assumes also that there is a random measurement error in the observed

datum which is independent of the random walk and which is also normally

distributed. Mathematical foundations and development of the program are

given in Ref. C-2 and C-3.

On the basis of a sequence of periodic calibrations, the Random Walk pro-

gram provides the following:

1. A function, either linear or cubic, which converts observed

system outputs into estimates of true system inputs;

2. Coefficients of short-term and random walk variations, as well

as a combined value valid at specified times; and

3. A decision, based upon the calculated coefficient of variation

and a prespecified imprecision limit, as to Whether the sensor

should be used as is, recalibrated immediately, or discarded,

and the maximum allowable interval to next calibration.
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MEASU_NT PROGRAM OUTPUT

A typical Random Walk computer program output is shown in Table C-I.

The first line of output gives the test stand name and number (Willie,

0019), recording system (Beckman), transducer serial number (671755),

range (250 psi), ID number for data cards (018056), and the physical

parameter being calibrated (Pc - 2).

The next set of numbers ("Latest Output") is the most recent raw cali-

bration data. On the left are the readings (in Beckman counts) for the

listed calibration input steps ("Input"); on the right are the precali-

brate throw zero (Zl), the calibratethrow reading (CT), the postthrow

zero (Z2), the precalibration zero (ZS), the postcalibration zero (Z_),

and the date of calibration ("Time").

The first two zeros (Zl and Z2) are averaged and subtracted from the

throw to obtain a reduced throw. For each calibration step, a linear

interpolation is made between the last two zeros (Z3 and Z_) and the

interpolated result is subtracted from the reading to obtain a reduced

reading. Each reduced reading is then divided by the reduced throw to

obtain a scaled output. All scaled output values from all calibrations

in the system history are then listed ("Scaled Output") under the approp-

riate input pressures, with one calibration per line and its date ("Time")

listed at the right of each line.

The first three lines following the scaled output table are estimates of

measurement variance (am 2) in the input-to-scaled output ratio,the the

random walk variance (a 2) in the input-to-scaled output ratio, and the

ratio (k) of the former (short-term) variance to the latter (long-term)

variances (am 2 and 0 2 ) are used in computingvariance. The the data

reduction imprecision , which is defined as the standard deviation of an

estimated input about the true input.
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TABLE C-1

TYPICAL COMPUTER OUTPUT FOR TltANSDUCER CALIBRATIONS USING

RANDOM WALK MEAS_ENT ANALYSIS PROGPAM

I

WILLIE 0oI_ 8KM

LATESTOUTPUT

222 b94 964

INPUT

30 80 130

SCALED OUTPOT

D.07_9 0.2000 0.3254

0.0741 0.1995 0.3255

0.0743 0.1992 0.3258

0.0740 G.2008 6.3274

U.O74b 0.2006 0.3209

0.0732 0.1973 0.3221

0.0731 6.1981 0.3Z23

0.073_ 0.1980 0.3233

0.0738 0.1980 0.3229

0.0738 0.1984 0.3238

0.0738 0.i985 0.8233

U.OT_O 0.19_2 0.3224

0.0736 0.1989 0.3235

0.0730 0.1973 0.3222

0.073b 0.1978 0.3223

0.0735 C.1980 0.3221

0.073b C.1978 0.3220

MEASUREMENT VARIANCE IN

671755 230 019050

1334 1704

180 230

T IME

0.4509 0.5763 5-28-68

0.4565 0.5759 5-23-68

0.4514 0.5770 5- 8-68

0.4528 0.5771 4- 1-68

0.4530 0.5786 3-11-68

0.4458 0.5702 2- 8-b8

0.4406 0.5708 1-24-68

0.4468 0.5717 1-16-68

0.4471 0.5720 I- 2-68

0.4480 C.5726 12-18-67

0.4483 0,5731 12-11-67

0.4470 0.5726 12- 5-67

0.4485 0.5727 12- 1-67

0.4465 0.5698 11-13-67

0.4461 0.5703 11-13-67

0.4458 C.5699 11-13-67

0.4459 0.5708 11-15-67

INPUT-TO-SCALED OUTPUT RATIO

PC-2

ZI CT Z2 23 24 TIME

4 2951 4 4 6 5-28-68

RANDOM NALK VARIANCE IN INPUT-TO-SCALED OUTPUT RATIO

RATIO OF SHJRT-TERM VARIANCE TO RANDOM WALK VARIANCE :

COEFFICIENT DE SHORT-TERM VARIATION

COEFFICIENT OF RANDOM WALK VARIATIUN

REQUIREMENT FOR COEFFICIENT OF VARIATION OF REDUCED DATA

SYSTEM NU_ PASSES TEST FOR LINEARITY (TYPE I ERROR= 0.05).

DATA RIDUCTIuN FORIdULA IS

(INPUT} =( 3.9929D 02| *{ SCALEO OUTPUT}

ABOVE OUTPUT-INPUT MODEL IS SATISFACTORY (TYPE i ERROR= 0.35}.

sYSTEM SHOULD BE CALIBRATED ON OR BEFORE 6-27-68

DATA REDUCTION MATRIX

0.156820 Ol

0.920910-01

0.170290 02 (DAYS}

0.313 (PERCENT)

0.0757 (PERCENTIDAY**.5)

1.500 (PERCENT)

COEFFICIENT OF VARIATION OF REDUCED DATA 3_

COEFFICIENT OF VARIATION OF REOUCED DATA 3W

( 1.13953D-01 0.0 )

( 0.0 O.O |

6-27-68 = 0.52 PER]ENT

5-30-68 = 0.34 t}ER:ENT



The next line of output gives the coefficient of short-term variation,

which is the standard deviation (am) expressed as a percentage of the

average input-to-scaled output ratio. This quantity is generally the

largest component of data reduction imprecision. The following entry

gives the coefficient of random walk (long-term) variation, which is the

standard deviation _) also expressed as a percentage of the average

input-to-scaled output ratio. This item is meaningful only after cali-

brations are obtained over a period of time. The final listing in this

block is the prespecified maximum limit of data reduction imprecision

expressed as coefficient of variation.

The program now calculates revised scaled output values corresponding to

the state of the system at the time of the most recent calibration.

These values are then fit by least squares with either a linear or cubic

function by the following procedure. The null hypothesis is that the

function is linear, and the specified error (the probability that a truly

linear function is mistM;enly concluded to be nonlinear) is printed out.

If the linearity hypothesis is rejected, a cubic fit is made. In either

case, the formula for converting scaled outputs to estimated inputs is

then given, and, if the relationship is cubic, an input-output table is

printed out for convenience in data reduction.

The next line gives the result of the second test, which checks whether

or not the input-output model is consistent with the estimate of G m (the

root-mean-square estimate for the calibration curve fit and G should bem

approximately equal). If it is, then the model is labeled "SATISFACTORY";

if not, the model is labeled "UNSATISFACTORY," indicating a significant

intercept or an error in the input data.

The following item indicates the ability of the system to meet the spec-

ified imprecision requirement. On the basis of the calibration data,

three situations are recognized:

i. The system can never meet required precision, and should be

replaced;
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,

e

The system will fail the requirement within the next two days

and should be recalibrated immediately; or

The system will meet the requirement up to a certain date (30

days maximum), on or before which it should be recalibrated.

In this case, the estimated data reduction imprecision is given

for test data taken two days after the most recent calibration

and on the specified recalibration date.

In the present program, the system transducers were calibrated weekly,

regardless of the leeway allowed by reason of little or no random walk

variation and consequent minimum degradation in precision.

The final item is a 2 by 2 matrix, denoted by R, which is used to esti-

mate data reduction imprecision at any other time of interest and for

any scaled output by the following expression:

1]1/2p = [art.i,+ s2 (h 0 .2 + O'm2 (C-1)

where

P

s

h

V

= estimated standard deviation for a reduced datum

= scaled output

= number of days after most recent calibration

matrixproduct:(s,s3)R (:3)

Application of the results of this sensor measurement analysis program

to estimation of random experimental errors and to measurement reliability

is given in Appendix B.
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APPENDIX D

EXPERIMENTAL FACILITIES AND PROCEDUB_S

Detailed descriptions of the test stands, instrumentation, data record-

ing (test documentation) procedures, and pertinent experimental proced-

ures utilized during this program are presented in this appendix. The

hot-fire and cold-flow experimental facilities and procedures are dis-

cussed under separate headings.

HOT-FIRE TEST FACILITY, INSTRUMENTATION, AND PROCEDURES

Test Facility

The hot-fire experimental portion of the program was conducted on test

stand Willie at Rocketdyne's Propulsion Research Area test complex. A

schematic flow diagram of the stand is shown in Fig. D-I.

The liquid FLOX mixtures were loaded into the run tank from the storage

tank/trailer prior to each days testing. Liquid fluorine was obtained

by condensation of GF 2 from the PRA storage tank. Procedures for con-

densation_ transfer, and handling of the FLOX mixtures had been estab-

lished on previous programs at Rocketdyne. Following completion of each

days testing, the oxidizer remaining in the run ta_( was returned to its

storage vessel. The fuel (55 w/o methane-_5 w/o ethane mixture) was

stored in the gaseous state. It was stored in the cylinders (size IA)

in which it was purchased. The fuel was liquified by condensation of

the gaseous blend into the run tank prior to each days testing.

Both propellant systems were completely chilled with liquid nitrogen

from the condenser (on top of the run tank) to the engine, as shown in

Fig. D-I. In addition, use of three-way main valves permitted prerun

ehilldown of the manifolds and injector by means of a liquid nitrogen
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bleed directly through the injector and thrust chamber, thus preventing

the propellant from flashing in the initial portion of the firing and

minimizing flow transients.

The engine was mounted horizontally. Tank and purge pressures were set

by motorized Dome loaders in conjunction with electrically operated tank

vent and control valves. Filtered dry helium was used as the run tank

pressurant. Gaseous dry nitrogen purges were used on the propellant lines.

Instrumentation

A schematic diagram indicating the location of system instrumentation

is shown in Fig. D-2. Redundant measurements were made on the most

important experimental parameters (e.g., chamber pressure, flowrates,

etc.) to increase data reliability. The data recording systems and par-

ticular transducers used for the various types of measurements are

described and discussed below.

Data Recording Systems. Pertinent pressure, temperature, and flow meas-

urements were recorded on tape during each firing by means of a Beckman

Model 210 Data Acquisition and Recording System. This system acquires

analog data from the transducers, which it converts to digital form in

binary-coded decimal format. The latter are recorded on tapes which are

then used for computer processing.

The Beckman Data Acquisition Unit sequentially samples the input channel

at a rate of 5625 samples per second. Programmed computer output con-

ists of tables of time versus parameter value (in engineering units)

printed out at approximately 10-millisecond intervals during the firing,

together with calibration factors, prerun and postrun zero readings, and

related data. The same computed results are machine-plotted and dis-

played as CRT outputs on appropriately scaled and labeled grids for

simple determination of gradients, establishment of steady state, etc.
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Primary data recording for these firings, and subsequent calculation of

performance, was on the Beckman 210 system. In addition, the following

auxiliary recording systems were employed:

1. An 8-channel, Brush, Mark 200 recorder was employed in conjunc-

tion with the Beckman unit, primarily to establish time inter-

vals for computer data reduction and, additionally, for "quick-

look" information on the most important parameters. This is a

direct-inking system, with display on high-gloss, graduated

paper moving at 20 mm/sec.

2. A CEC, 36-channel, direct-reading oscillograph was used as

backup for the Beclonan 210 system and for indication of any

oscillatory combustion.

3. Direct-iM;ing graphic recorders (DIGR's), either Dynalog rotary

chart or Esterline-Angus strip chart, were used to set prerun

propellant supply pressures, for recording of propellant mani-

fold pressures, to provide quick-look information, and as sec-

ondary backup to the Becl_nan and oscillograph recorders.

_. An Esterline-Angus, 20-channel event recorder was used for

direct-inking recording of main propellant valve signal and

travel, as well as for chart drive and camera actuations.

Thrust. The thrust chamber mount was supported on flexures, which will

allow free movement parallel to the engine axis (horizontally), restrained

in the thrust direction by a Baldwin-Lima-Hamilton double-bridge load

cell. Thrust was recorded on the Beckman and Dynalog recorders.

Pressures. Pressures were measured with bonded strain-gage transducers

(Taber "Teledyne" Series 206 or equivalent). As noted in Appendix A,

chamber pressure was measured at several circumferential and axial posi-

tions in the chamber. Redundant measurements were made at pertinent axial

locations. Chamber pressure was recorded on the Beckman, oscillograph,

and Dynalog recorders. Tank pressures were recorded on Dynalog recorders.

Injector pressures were recorded on Beckman and Dynalog recorders.

D-5



Flowrates. All propellant flowrates were measured by means of Fischer-

Porter turbine flowmeters which measure the volumetric flowrate. Each

propellant line had two flowmeters in series to measure the volumetric

flowrate. The flowrates were recorded on Beckman, oscillograph, and

Esterline-Angus recorders.

Temperatures. Reliable measurement of cryogenic propellant flowrates

requires accurate determination of liquid density as well as of volumetric

flowrate. Density of cryogenic propellants is a sensitive function of

temperature; therefore, it is important to mM_e careful measurements of

propellant temperature as close to the flowmeters as practical. This

can be done by use of shielded platinum resistance bulbs (Rosemount

Model 176) immersed in the liquid stream. These instruments are very

sensitive to temperature changes in the cryogenic region and are the

preferred method of measurement. It has been shown in previous F2/H 2

programs (Ref. D-I) that iron-constantan thermocouples in wells give

erratic, nonduplicating readings, whereas platinum resistance bulbs

give consistent measurements. Rosemount bulbs were used to measure the

cryogenic propellant temperatures. Fuel temperature was measured at two

positions; upstream of the flowmeter nearest the run tank, and downstream

of the flowmeter nearest to the engine. The two temperatures were gen-

erally less than 2 degrees apart. Oxidizer temperature was measured

between the two flowmeters. Propellant temperatures were recorded on

the Becl_nan and Esterline-Angus recorders.

Temperature histories of the heat transfer isolation segments on the

chamber and/or nozzle were measured by means of 10-mil, chromel-alumel

thermocouples peened to the outside of the chamber wall. These tempera-

tures were recorded on the Beckman recording unit. The wall sections

of the chamber that were exepcted to attain the highest temperature were

also recorded on graphic dynalog charts for visual monitoring during

the tests.
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Special Instrumentation. Photocon pressure transducers were used to

monitor high-frequency pressure oscillations in %he combustion chamber

and fuel manifold. One of %he chamber pressure Photocons was connected

%0 a rough combustion cutoff (RCC) system. This device was set to cut

off any %es% in which %he peak-to-peak chamber pressure oscillations

were greater than I00 psi for 80 milliseconds. Photocon outputs were

recorded on %he oscillograph and %ape recorders.

Calibration Procedures

Transducer calibrations were employed no% only to obtain appropriate

factors for test data reduction, but %0 deYelop statistical histories

for each transducer, so %hat estimates of short-term and long-term devi-

ations could be made, and probable error bands calculated (see Appendixes

B and C for detailed discussions). The calibration me%hods used for

%he various types of transducers are described below.

Thrust. The thrust-measuring load cell was calibrated in-place by means

of a permanently moun%ed_ manually operated, hydraulic force cell, which

deflects the load cell exactly as does %he engine; i.e., through a yoke

tension rod system. Known loads were applied to the force cell through

a Morehouse compression-type, temperature-compensated, proving ring

calibrated by the National Bureau of Standards (NBS). A thrust calibra-

tion was conducted prior to testing on each test day.

They"end-to-end" calibration technique (i.e., one in which %he complete

measuring system is included, in addition to %he transducer itself) pro-

vides for reliable determination of %he thrust force acting on the load

cell. For this thrust %o be equal %0 that actually resulting from a

firing, free movement of the engine mount is desirable; hence, flexible

metallic tubing is generally used for propellant supply lines %0 the

manifolds. Such tubing was used in %he fuel feed line. For the FLOX
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inlet line, special monel-lined flexible tubing was specified, because

of previous experience in which flexible lines with stainless-steel inner

corrugations failed unpredictably in LF 2 service. However, because of

long lead time for delivery of this item, rigid stainless-steel tubing

was used instead.

An extensive series of thrust calibrations was made with the lines in

place, chilled and unchilled, pressurized and unpressurized, to determine

possible effects of line temperature and pressure on the thrust readings.

The only significant effect found was that of line chill, which changed

the zero setting, in effect preloading the cell. Net transducer outputs

(actual output less zero reading) over the entire calibration range were

not affected by line condition (ambient, unpressurized; ambient, pressur-

ized; chilled, unpressurized; chilled, pressurized). Line pressurization

to run level had no significant effect on load cell output with either

chilled or ambient temperature lines. These results indicated that load

cell calibrations could be made with the inlet lines at ambient tempera-

ture, but that prerun zero readings should be taken with the line chilled

to the same extent as during firing. This was done by bleeding LN 2

through the main valves and engine to chill the inlet lines prior to each

test while monitoring the output of an iron-constantan thermocouple

soldered to the line. When the desired temperature was reached, the LN 2

flow was stopped and the prerun thrust zero was recorded. Thus, thrust

was calibrated with all lines at ambient temperature, to obtain the

thrust/load cell output curve. Zero readings were obtained immediately

before and after every firing, with inlet lines chilled to run tempera-

ture. Because the thrust/output factors were not changed by the ambient-

chilled zero shift, the ambient calibration was valid.

Pressures. Pressure transducers were calibrated end-to-end by mounting

them on stand manifolds in which pressures were read with high-precision

Heise-Bourdon tube gages. The latter were calibrated periodically on

Ruska dead-weight testers. Maximum length of pickup line from pressure

tap to transducer was less than 3 feet. The pressure transducers were

calibrated weekly.
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Flowrates. The turbine flowmeters used to measure volumetric flowrates

were calibrated prior to the initial testing and at the end of the test

schedule. The initial calibration was conducted using water as the cal-

ibration fluid. Use of these calibrations for the cryogenic propellants

required that allowances be made for the difference in temperature and

viscosity between water and the cryogenic propellants. Manufacturer-

furnished information (Ref. D-2) was used to define the extent of the

temperature correction. Actual flowrate was approximately 1 percent

lower than that calculated using the water calibration data (i.e.,

actual flowrate _ 0.99 x flowrate calculated using water calibration

determined flowmeter factor). The final calibration was conducted using

Freon 115. This fluid has a viscosity similar %o the cryogenic propel-

lants. Results of these calibrations indicated that the viscosity

effects correction is negligible, and no significant change in the flow-

meter factors occurred between calibrations.

Temperature. Resistance of the platinum thermometers used in the cryo-

genic propellant lines was converted to millivolt output by a triple-

bridge system. This was calibrated by substituting a decade resistance

box for the sensor and setting it at various resistances corresponding

to a temperature-resistance calibration for each instrument. These pre-

cision platinum resistance sensors had no significant calibration drift.

Chamber thermocouples were used on the basis of the standard NBS milli-

volt/temperature tables. Thermocouple recorders were electrically

calibrated.

Firing Procedures

Fluorine System Passivation. Prior to assembly, fluorine system com-

ponents were carefully and thoroughly cleaned in accordance with stand-

ard prescribed procedures (Ref. D-5). Passivation of the assembled

system (%o main oxidizer valve), by provision of protective fluoride
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films on exposed surfaces, was carried out as follows: low-pressure

gaseous fluorine was introduced into the system and maintained for suc-

cessive 15-minute periods at 5, 10, and 15 psi; finally, 20 psi was

maintained for several hours.

The feed line/thrust chamber system downstream of the main valve was pas-

sivated immediately before each set of firings by flowing the oxidizer

(FLOX mixture) through the system for short intervals of time.

Run Procedure. A console within the Propulsion Research Area blockhouse

and a sequential timer supplied the controls for firing the experimental

propulsion system. All remotely controlled valves, such as main valves,

purges, vents, firex, short drive, etc., were operated from this console.

Critical functions requiring precise timing were operated by the timer

system with their respective time setting established prior to firing.

All other functions were manually actuated from the console.

Before each firing, LN 2 was bled through the main valves and engine to

chill the inlet lines and injector to the temperature which would be main-

tained by the propellants during the run. After chilldown, the following

sequence of events were carried out in rapid succession:

i. LN 2 flow through the main valve and engine was stopped

2. Prerun thrust zero was taken

3. GN 2 purges were turned on to clear the LN 2 from the propellant

lines

_. Automatic sequencer was activated %o fire the engine

These events were conducted in approximately a 5- to lO-second interval;

thus, the test was initiated before the system was allowed to warm up.
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Test durations were from 1.5 to 3.0 seconds, depending upon the test

conditions, h slight oxidizer lead (approximately _0 milliseconds) on

start and simultaneous shuT_lownwas employed throughout the program.

The engine was purged preceding each firing. Wall sections of the

chamber that were expected to attain the highest temperatures were

instrumented with thermocouples and the temperatures recorded on graphic

dynalog charts for close visual monitoring of the temperature rise dur-

ing the test runs. Motion picture coverage, primarily for hardware

monitoring, included Fastax and Bell and Howell cameras.
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COLD-FLOWFACILITY ANDPROCEDURES

Test Facility

The description of the cold-flow facility is divided into two distinct

parts: (1) the flow system, and (2) the collection system.

Flow System. The basic components of the flow system are shown in Fig. D-3.

The system contains two high-pressure (maximum rated pressure = i000 psig)

supply tanks. Each can be remotely pressurized. The propellant lines are

stainless-steel tubing. Pneumatic (Annin) valves were used for tank shutoff

and main valves.

Flow system instrumentation consists of four Taber "Teledyne" series bonded

strain gage pressure transducers, and two Fischer-Porter turbine-type velu-

metric flowmeters. Measurements of propellant tank pressures and propellant

injection pressures were made. These measurements were recorded on Dynalog

direct-inking graphical recorders. The volumetric flowmeter signals were

recorded on a CEC multichannel oscillograph.

Cold-flow propellant simulants were trichloroethylene and water, which

simulated the oxidizer and fuel, respectively. These simulants were chosen

on the basis of: (i) availability, being employed on a related program at

Rocketdyi_ using the same facility, (2) ease of handling, and (5) maintain-

ing the oxidizer/fuel immiscibility.

Collection System. The specific details of the collector are illustrated

in Fig. D-4 through ])-6. An overall view of the tubing arrangement and

test tube rack is presented in Fig. D-_. As can be noted, the tubing slants

outward from the collection plane to a 7 by 7 foot base. The base is 1/2-

inch aluminum plate and separates the upper portion of the assembly from

the Pyrex tube racks. Beneath the aluminum plate is a cart which houses

the tube racks. The cart is mounted on wheels so that the entire tube

matrix can be easily removed from under the collector and rolled to the

measurement station.
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Figure D-_.
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The cart holds the 29 individual racks of tubes, each rack containing

29 tubes (one tube for each collection site). A rack of collector tubes

is shown in Fig. I)-5. The total number of tubes and collection sites is

841. The racks are fabricated from aluminum and the top and bottom holders

are braced at five separate locations for rigidity with i/8-inch rods. This

construction results in a light-weight assembly which can be easily removed

from the cart. Each tube can contain up to 650 milliliters of liquid, which

is sufficient for extended-duration experiments. This is important since

the longer the sampling time, the greater the experimental accuracy. This

is principally due to reduction in the flow start-and-stop errors as well

as liquid height reading accuracy.

The collector grid and shutter arrangement is illustrated in Fig. I)-6. The

collection grid is composed of i/4-inch-diameter, O.020-inch wall thickness,

stainless-steel tubing arranged in a 29 by 29 tube matrix. The overall size

of the tube matrix is 7-3/4 by 7-3/4 inches. Each of the collection tubes

has been squared at the end to maximize the collection grid sampling area.

This arrangement resulted in collection of more than 90 percent of the in-

jected spray masses. This overall grid design results in extremely accurate

distribution measurements.

Close observation of the collection system during the cold flow tests indi-

cated that there were no collection grid flooding problems, and blowing

gaseous nitrogen through the collection system immediately after a test

indicated that only negligible amounts of liquid are held up in the i/_-

inch-diameter stainless-steel tubes.

The shutters, which deflect the spray away from the collector until steady-

flow conditions are obtained, are employed to reduce the start-and-stop

transient errors. The shutters are pneumatically operated, and have an

opening and closing travel time on the order of 200 milliseconds. Two

shutters are employed to reduce the error bias introduced by the direction

of the shutter opening and closing.
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Procedures

Experimental Procedures. The procedure for each of the cold-flow tests

was as follows: The fuel and oxidizer simulant tanks were pressurized

to give the desired flowrates. The main valves were opened and after

injection pressures had become steady, the shutter was opened for a selected

time interval and then closed. The main valves were then closed to conclude

the test run. Time intervals were between i0 and 20 seconds for all injectors/

conditions tested. All tests were conducted with the injector centered above

the collector at a distance of 3.25 inches. This distance of approximately

3 inches was chosen since prior analytical and experimental data indicated

that this represented a good approximation of the primary propellant mixing

region during combustion.

In each of the cold-flow tests the injector spray field was allowed to expand

freely. Hence, small amounts of the spray were collected at the outer edges

of the collector. The collector grid measures 7.7 inches square, which is

approximately the diameter of the thrustchamber.

Although the basic approach to definition of the effect of mixing on per-

formance for unlike-impinging stream injectors is similar to that of like-

impinging stream injectors, the mechanical and hydraulic injector design

variables which effect mixing differ. With unlike-impinging patterns, the

distribution is altered by variations in the relative momentum and orifice

diameter ratios between the fuel and oxidizer streams. Consequently, hot-

fire conditions were simulated on the cold-flow basis by simulation of

hot-fire momentum ratios. For the like-impinging stream patterns, mixture

ratio distribution uniformity (Em) is known to be primarily a function of

element arrangement. For a particular element arrangement, velocity level

and ratio (fuel-to-oxidizer) appear to be the parameters which effect pro-

pellant mixing the mosto(Ref. D-4). For this reason, hot-fire conditions

for the like-doublet injector were simulated on the cold-flow basis by

simulation of hot-fire injection velocities (i.e., simulation of volumetric

flowrates).
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Data Acquisition. The data recorded for each test included oxidizer and

fuel simulant flowrates, injection pressures, flow duration, and the volume

of oxidizer and fuel simulants in each of the 8hl collection tubes.

The individual volumes were determined by a volumetrically calibrated metal

strip or graduated cylinders. The metal strip resembled a thin metal scale

with a scribe mark at lO-milliliter increments. This strip was inserted

into the test tube and the volume of oxidizer simulant and the volume of

fuel simulant were read directly. For tubes containing insufficient liquid

quantities for accurate measurement, the volumetric measurements were obtained

by use of graduated cylinders.

Data Analysis. The collector matrix data and the other recorded data were

processed by computer to produce the following output: mass of oxidizer

simulant, mass of fuel simulant, mixture ratio, and mass fraction for each

tube. The mixing factor (Em) , predicted e _ efficiency (_c_; dist.), center

of collected mass (row and column), and percentage of the injected mass

collected were also computed.

For all mass and mixture ratio distribution cold-flow experiments conducted

during the program, Eq. 5 (page 17) and Eq. 6 (page 18), which are presented

in the main text, were used to calculate c_ ' dist. and Em, respectively.

Because the characteristic exhaust velocity is related to the actual hot-

fire condition, the mixture ratio used in the calculation of c_ was not the
i

injected cold-flow mixture ratio, but rather the mixture ratio correspond-

ing to the simulated flow condition. Because for the like-doublet injec-

tors an equal velocity simulation was used, the relationship between

simulated and actual cold-flow mixture ratio is:

(_)simulatedIIF = t_f/tp--_ric/ (MR)cold flow (D-l)

where

MR mixture ratio (oxidizer/fuel)

p = density
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Subscripts

o = oxidizer

f = fuel

For the pentad injector, where equal momentum ratio simulation was used,

the following relationship exists between simulated and actual cold-flow

mixture ratio:

p 1/2

(MR)simulated HF= _Ptric/J (MR)cold flow
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APPENDIX E

THEORETICAL PEKFORMANCE, COMBUSTION GAS PROPERTIES,

AND PROPELLANT DENSITIES FOR FLOX MIXTURES/LPG BLEND

INTRODUCTION

Theoretical performance, selected combustion gas properties, and propel-

lant densities for several FL0Xmixtures/55 percent methane-45 percent

ethane LPG blend are presented in this appendix. These topics are pre-

sented and discussed briefly below under separate headings. The FLOX

mixtures considered (FLOX-70 percent F2; FLOX-80 percent F2; and F2) are

those which were used during the hot-fire experimental portion of the

program.

THEORET ICAL PERFORMANCE

Theoretical performance (shifting equilibrium c*; P = 100 psia) is shown
c

plotted as a function of mixture ratio for the three FL0X mixtures/55

percent CH4-45 percent C2H 6 in Fig. E-1. The theoretical optimum per-

formance and corresponding mixture ratio for the FLOX (80 percent F2) /

55 percent CH4-45 percent C2H 6 are greater than those for the other two

oxidizers with the subject fuel. The theoretical optimum c* and corres-

ponding mixture ratio, arranged in descending order, for the three pro-

pellant combinations are:

1. FLOX (80 percent F2) ; 6921 ft/sec, 5.33

2. FLOX (70 percent F2); 6802 ft/sec, 4.0

5. F2; 6556 ft/sec, 3.5

Detailed examination of this figure reveals that:

1. Performance for the FL0X/IPG propellant combinations decreases

more rapidly on each side of the optimum mixture ratio than
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for the common earth storable propellants. Thus, performance

for these propellant combinations is more sensitive to distrib-

ution than most propellant combinations (page 59 ).

The performance penalty paid for nonuniform distribution is most

severe for the FLOX (80 percent F2) mixture (page 57 ). This is

caused primarily by the more rapid decrease in c* with mixture

ratio (for mixture ratios _ optimum) for this propellant combina-

tion relative to the other two.

Theoretical vacuum specific impulse (at an expansion ratio of _0; P =
c

100 psia) is plotted as a function of mixture ratio for the FLOX (80 per-

cent F2)/LPG blend in Fig. E-2. This was the primary propellant combus-

tion employed during the program. The optimum specific impulse of

approximately _16 seconds occurs near theoretical optimum c* mixture

ratio (3.33).

THEORETICAL COMBUSTION GAS PROPERTIES

Theoretical combustion chamber gas temperature (Pc = 100 psia) is shown

plotted as a function of mixture ratio for the three FLOX mixtures/LPG

blend in Fig. E-3. As would be expected, the peak combustion gas tempe_

ature for the propellant combinations decrease in the order of decreasing

optimum c*. Peak values range from approximately 7600 R for the FL0X

(80 percent F2) to about 6900°R for the F 2. In each case, the peak gas

temperature occurs at a mixture ratio slightly above the (optimum)

valve.

Combustion chamber gas molecular weight (Pc = 100 psia) is shown plotted

as a function of mixture ratio for each propellant combination in Fig.

E-_. In each case, the molecular weight increases with increasing mixture

ratio. This is caused by the change in composition with mixture ratio.

It is primarily due to the increase in ttF/F concentration and correspond-

ing decrease in H2/carbon-compound concentrations with increasing mixture

ratio. Over the 1-to-_ mixture ratio range, the combustion gas molecular

_-3
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weight for the FLOX (70 percent F2) and FLOX (80 percent F2) are quite

similar. It increases from approximately 1_ at a mixture ratio of 1 to

22 at a mixture ratio of 10. The F2/LPG combustion gas molecular weight

is slightly higher than that of the other propellant combinations over

the entire mixture ratio range. In each case, the molecular weight at

optimum mixture ratio is between 18 and 20.

Theoretical combustion gas composition, at optimum mixture ratio, for

the three propellant combinations is shown in Table E-1. Examination

of this table reveals that in each case the primary chemical species

present is HF. Combustion gas composition for the FLOX (80 percent F2)

and FLOX (70 percent F2) propellant combinations are quite similar.

The F2/LPG propellant combination has a noticeable higher concentration

of free carbon/carbon compounds.

PROPELLANT DENSITIES

FLOX Mixture

Densities for the FLOX mixtures (FL0X; 70 percent F 2 and FLOX; 80 percent

F2) were derived from experimental data for the pure components (LOX and

LF2). This was necessary because experimental data which defines density

as a function of composition/temperature for the subject FLOX mixtures

are not available. Densities were calculated based on the assumption

that fluorine and oxygen behave as ideal liquids and that they follow

Raoult's law (Ref. E-l). This is similar to the procedure that has been

used on related programs (Ref. E-2). Thus, the density of the subject

mixtures were calculated using the following equation:

1
Pmixture - X 0 X F

P0 0F

S-7



TABLE E-1

COMPARISON OF THEORETICAL COMBUSTION GAS COMPOSITION

AT OPTIMUM MIXTURE RATIO FOR SEVERAL FLOX

MIXTURES/55 PERCENT CH4-45 PERCENT C2H 6

FLOX

FLOX

F 2

I'

Composition, gram moles per 100 gramspropellant

Nominal Statio Pressure, psia/Epsilon
Chemical

14.Oxidizer

(70 Percent F2)

_r

(80 Percent F2)

Species

H
0
F
OH
HF

tt20
CO

C02

O2

H
C
F
ltF

He
CO
CF

C2F 2

H
C
F
Ctt

C2H
I-IF

n2

CF

CF2
C2

C3
C4

C5

100/Chamber Region

0.69831
0.06033
0.10721
0.06158
2.8_035
0._0582

0.06327
1.26o57
o,o23_7
0.00370

0.51952
0.00208
O.65781

2.92131
0.07185
1.01001

0.00129
0.00020

0.406_1

0.01250
0.1_217
0.00104
0.1_860

3.86631
0.21774
0.09222
0.07462

0.00529
0.01595
o. 05099
0.00125
O.OO187

0.65227

58/at Throat

0.58966
0.0_65
0.06669

0.05560
2.88088
0._2608

0.08000

1.25515
0.02897
0.00331

0._3558
O.00171
0.55113
3.02795
0.06053
1.01031
0.O0113
0.00032

0._1209
0.00934
0,12056
0.00070
0.11692

3.91272
0.22567
0.07431
0.05368
0.00342
0.01062

0.03611
0.00069
0.00103

0.83970

7/1.85

0.33644
0.01292
0.01574
0.03115
2.93183
0.4933_

0.1261_

1.2_123
0.0_298

0.00133

0.25193

0.00083
o.3198_
3.25862
0.0370_
1.010_7
O.0O069
0.OOO89

0.37996
0.00282
O.O61O1

0.00019
0.04826

4.01512
0.26054
0.03900
0.01613
0.00082
0.00222

0.00911
0.00008
0.00012

1.19978

E--8



where

p = density

X = mass fraction

subscripts

0 = oxygen

F = fluorine

The density of all three oxidizers (LF 2, FLOX; 80 percent F2, and FLOX;

70 percent F2) used during the program are shown plotted as a function

of temperature in Fig. E-5. As is noted in the this figure, density is

a strong function of both temperature and composition. Consequently

samples of the FL0X mixtures were taken periodically throughout the ex-

perimental portion of the program to ensure that their compositions were

correct and/or known. In addition, procedures were followed to ensure

measurement of a valid temperature for use in determining oxidizer density

and/or flowrates (Appendix D).

LPG Blend

The density of the LPG blend (55 weight percent CH4-_5 weight percent

C2H6) is shown plotted as a function of temperature in Fig. E-6. The

density of the fuel blend was determined in a manner similar to that for

the FLOX mixtures. Experimental data which defines density as a function

of temperature are not available for the subject LPG blend. Assumption

of ideal mixing of the liquids should be quite good for adjacent members

of a homologous series of organic compounds as was the case herein, (Ref. E-l).

As was the case with the FLOX mixtures, density is quite dependent upon

temperature and composition. Thus, procedures were followed to ensure

that the composition was correct and that a valid temperature was measured

for use in determining the fuel density/flowrate.

E-9
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APPENDIX F

HEAT TRANSFER DATA ANALYSIS TECHNIQUE

The technique selected for utilization in analyzing the heat transfer

data is based on the "infinite conductivity method" using an uncooled

copper calorimeter-type thrust chamber. _lis technique for mapping the

heat flux distribution in rocket chambers, nozzles, etc. have been

developed during previous Rocketdyne Research programs.

Thrust chamber heat flux, Q/A, was calculated by a heat balance on a

heat transfer element over a small time interval:

Q/A = --2
A \'-'_/ O= constant

(F-I)

whe re

Q/A heat flux, Btu/in 2= . -sec

W

P

A

= mass of isolated heat transfer segment, Ibm

= average specific heat of wall material, Btu/lbm

2
= area of isolated heat transfer segment, in.

t
c

0

= cold-wall temperature, F

= time, seconds

A typical plot of the hot-wall temperature, th, and the cold-wall tempera-

ture, tc, as a function of time is presented in Fig.F-1. As shown in

this figure, dtc/dO rises from zero initially, while dth/dO decreases

rapidly from some very high initial value. After a brief interval, 01

seconds, dtc/dO and dth/dO are essentially constant and equal to each

other and conditions are suitable for the application of the following

heat transfer analysis method. During the interval from 0 i to Oj, a

nearly constant temperature differential exists across the heat transfer

segment, indicating that a quasi-steady-state heat transfer condition

exists and that the heat flux may be accurately determined from Eq. F-1.

F-1
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For an accurate calculation of Q/A, a hand calculation of an average value

of dtc/d0 is made over the interval 0 i to 0j and inputted into a computer

for determination of local heat flux.

The local heat transfer coefficient, hg_ was calculated from heat flux

as follows:

hg -- q/A/(tg- %) (F-2)

where t is the theoretical combustion temperature corrected for combus-
g

%ion efficiency, i.e.:

2
tg = ttheo x Uc.

and

h
g

ttheo

77 c 9_

t h

= gas-side heat transfer coefficient, Btu/in.2-sec-F

= theoretical combustion temperature, R

= measured c* efficiency

= hot-wall temperature

Equation F-I has been used throughout this program as the basic relations

for defining heat flux based on the cold-wall temperature history. A

determination of h can be made with reasonable accuracy by considering
g

the following analysis.

A schematic cross section of a typical heat transfer segment and the

assumed temperature distribution are shown in Fig.F-2. If the cold wall

is assumed to be adiabatic (a good approximation), then

d__%t
dx x = L " "

F-3



dt I (AQ_._) dt =0dx : -_ dx

C

v X

X-=o X=L

Figure F-2. Cross Section of Typical Heat Transfer Element



Furthermore, at • = 0

dt (F-5)Q/A = -Ko d-_ x = 0

where K° should, in principle, be evaluated at t h.

specification that at x = L,

With the additional

t = t (F-6)x=L c

a parabolic temperature distribution is suggested as follows:

t Ax 2 (F-7)= +Bx+C

Substitution of the boundary conditions into Eq. F-7 gives

t = t
e

+ (L- x)2 _ (F-S)
2K L A

o

and t h may be evaluated from Eq. 8 as

L Q (F-9)
t = t h = t +x = 0 c 2K A

o

Equation F-8 may also be used to evaluate the average wall temperature, t:

= t + L Q (F-10)
c 6-;K- A

o

For the case of constant material properties (Cp and K) Eq. F-l, -2, -3,

and -9 are sufficient to determine Q/A and h . In addition, the simplicity
g

of the calculations would not warrant machine reduction

F-5



The specific heat and thermal conductivity of oxygen-free copper (used in

the calorimeter hardware) is shown in Fig. F-3. The variation of these

properties with temperature is significant, particularly at temperatures

below approximately lO0 F.

The range of -300 to 0 F is of particular significance because wall tem-

peratures in %his band are frequently encountered at the start of a test,

a result of pretest conditioning of the injector with liquid nitrogen

(to ensure liquid flow of the cryogenic oxidizer). The extreme variation

of C and K within this temperature range warrants the inclusion of var-
P

iable properties into the above equations. This requiremen%_ plus that

of determining C and K at the average and hot-wall temperatures_ respec-
P

tively, considerably complicates the calculation procedure and warrants

the use of computerized solution.

This calculation procedure has been programmed for the Il_I 360 computer,

which calculates Q/A and t h from the measured dtc/d0 and tc values. In

addition_ a numerical integration of Q/A over the wall-surface area (from

injector to chamber pressure tap location and to throat) is performed to

determine the total heat loss, Q. The additional input of the measured

performance parameters permits the calculation of local film coefficient

and the heat loss correction factor which is applied to the measured c _

performance. The basic advantage of this procedure lies in the minimal

amount of both hand and computer calculation time while maintaining a

reasonable degree of accuracy. Although local values of h were also
g

calculated, only specific heat flux values were used in the subsequent

heat transfer analysis.
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